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Preface 



Primary (non-rechargeable) and secondary (recharge- 
able) batteries are an area of manufacturing industry 
that has undergone a tremendous growth in the past 
two or three decades, both in sales volume and in 
variety of products designed to meet new applica- 
tions. Not so long ago, mention of a battery to many 
people brought to mind the image of an automo- 
tive battery or a torch battery' and, indeed, these 
accounted for the majority of batteries being produced. 
There were of course other battery applications such 
as submarine and aircraft batteries, but these were 
of either the lead-acid or alkaline type. Lead-acid, 
nickel -cadmium, nickel-iron and carbon-zinc repre- 
sented the only electrochemical couples in use at that 
time. 

There now exist a wide range of types of bat- 
teries, both primary and secondary, utilizing couples 
that were not dreamt of a few years ago. Many of 
these couples have been developed and utilized to pro- 
duce batteries to meet specific applications ranging 
from electric vehicle propulsion, through minute bat- 
teries for incorporation as memory protection devices 
in printed circuits in computers, to pacemaker batter- 
ies used in heart surgery. This book attempts to draw 
together in one place the available information on all 
types of battery now being commercially produced. 
It starts with a chapter dealing with the basic the- 
ory' behind the operation of batteries. This deals with 
the effects of such factors as couple materials, elec- 
trolyte composition, concentration and temperature on 
battery performance, and also discusses in some detail 
such factors as the effect of discharge rate on bat- 
tery capacity. The basic thermodynamics involved in 
battery operation are also discussed. The theoretical 
treatment concentrates on the older types of battery, 
such as lead-acid, where much work has been carried 
out over the years. The ideas are, however, in many 
cases equally applicable to the newer types of battery 
and one of the objectives of this chapter is to assist 
the reader in carrying out such calculations. 

The following chapters discuss various aspects 
of primary and secondary batteries including those 



batteries such as silver-zinc and alkaline manganese 
which are available in both forms. 

Chapter 2 is designed to present the reader with 
information on the types of batteries available and to 
assist him or her in choosing a type of battery which 
is suitable for any particular application, whether this 
be a digital watch or a lunar landing module. 

Part 1 (Chapters 3-17) presents all available 
information on the performance characteristics of 
various types of battery and it highlights the parameters 
that it is important to be aware of when considering 
batteries. Such information is vital when discussing 
with battery suppliers the types and characteristics of 
batteries they can supply or that you may wish them 
to develop. 

Part 2 (Chapters 18—29) is a presentation of the the- 
ory, as far as it is known, behind the working of all the 
types of battery now commercially available and of the 
limitations that battery electrochemistry might place 
on performance. It also discusses the ways in which 
the basic electrochemistry influences battery design. 
Whilst battery design has always been an important 
factor influencing performance and other factors such 
as battery weight it is assuming an even greater 
importance in more recently developed batteries. 

Part 3 (Chapters 30 and 31) is a comprehensive dis- 
cussion of practical methods for determining the per- 
formance characteristics of all types of battery. This is 
important to both the battery producer and the battery 
user. Important factors such as the measurement of the 
effect of discharge rate and temperature on available 
capacity and life are discussed. 

Part 4 (Chapters 32-43) is a wide ranging look at 
the current applications of various types of battery 
and indicates areas of special interest such as vehicle 
propulsion, utilities loading and microelectronic and 
computer applications. 

Part 5 (Chapters 44-49) deals with all aspects of 
the theory and practice of battery charging and will be 
of great interest to the battery user. 

Finally, Part 6 (Chapters 50-63) discusses the mas- 
sive amount of information available from battery 
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manufacturers on the types and performance charac- 
teristics of the types of battery they can supply. The 
chapter was assembled from material kindly supplied 
to the author following a worldwide survey of bat- 
tery producers and their products and represents a 
considerable body of information which has not been 
assembled together in this form elsewhere. 

Within each Part, chapters are included on all 
available types of primary batteries, secondary 
batteries and batteries available in primary and 
secondary versions. The primary batteries include 
carbon-zinc, carbon-zinc chloride, mercury-zinc and 
other mercury types, manganese dioxide-magnesium 
perchlorate, magnesium organic, lithium types (sulphur 
dioxide, thionyl chloride, vanadium pentoxide, iodine 
and numerous other lithium types), thermally 
activated and seawater batteries. Batteries available 
in primary and secondary forms include alkaline 
manganese, silver-zinc, silver-cadmium, zinc-air 
and cadmium-air. The secondary batteries discussed 
include lead-acid, the nickel types (cadmium, iron, 
zinc, hydrogen), zinc-chlorine, sodium-sulphur and 
other fast ion types. 

The book will be of interest to battery manufacturers 
and users and the manufacturers of equipment 
using batteries. The latter will include manufacturers 
of domestic equipment, including battery-operated 
household appliances, power tools, TVs, radios, 
computers, toys, manufacturers of emergency power 
and lighting equipment, communications and warning 
beacon and life-saving equipment manufacturers. 
The manufacturers of medical equipment including 
pacemakers and other battery operated implant devices 
will find much to interest them, as will the 
manufacturers of portable medical and non-medical 
recording and logging equipment. There are many 
applications of batteries in the transport industry, 
including uses in conventional vehicles with internal 
combustion engines and in aircraft, and the newer 
developments in battery-operated automobiles, fork lift 
trucks, etc. Manufacturers and users of all types of 
defence equipment ranging from torpedoes to ground- 
to-air and air-to-air missiles rely heavily on having 



available batteries with suitable characteristics and 
will find much to interest them throughout the book; 
the same applies to the manufacturers of aerospace 
and space equipment, the latter including power and 
back-up equipment in space vehicles and satellites, 
lunar vehicles, etc. Finally, there is the whole field 
of equipment in the new technologies including 
computers and electronics. 

The teams of manufacturers of equipment who man- 
ufacture all these types of equipment which require 
batteries for their performance include the planners 
and designers. These must make decisions on the per- 
formance characteristics required in the batter}' and 
other relevant factors such as operating temperatures, 
occurrence of vibration and spin, etc., weight, volume, 
pre-use shelf life; these and many other factors play 
a part in governing the final selection of the battery 
type. It is a truism to say that in many cases the piece 
of equipment has to be designed around the battery. 

Battery manufacturers will also find much to interest 
them, for it is they who must design and supply batter- 
ies for equipment producers and who must try to antici- 
pate the future needs of the users, especially in the new 
technologies. Battery manufacturers and users alike 
will have an interest in charging techniques and it is 
hoped that Part 5 will be of interest to them. The devel- 
opment of new types of batteries usually demands new 
charger designs, as does in many instances the devel- 
opment of new applications for existing battery types. 

Throughout the book, but particularly in Chapter 1, 
there is a discussion of the theory behind battery 
operation and this will be of interest to the more 
theoretically minded in the user and manufacturer 
industries and in the academic world. Students and 
postgraduates of electrical and engineering science, 
and design and manufacture will find much to interest 
them, as will members of the lay public who have an 
interest in power sources and technology. 

Finally, it is hoped that this will become a source 
book for anyone interested in the above matters. This 
would include, among others, researchers, journal- 
ists, lecturers, writers of scientific articles, government 
agencies and research institutes. 
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Electromotive force 1/3 



1.1 Electromotive force 

A galvanic or voltaic cell consists of two dissimilar 
electrodes immersed in a conducting material such as 
a liquid electrolyte or a fused salt; when the two elec- 
trodes are connected by a wire a current will flow. Each 
electrode, in general, involves an electronic (metallic) 
and an ionic conductor in contact. At the surface of 
separation between the metal and the solution there 
exists a difference in electrical potential, called the 
electrode potential. The electromotive force (e.m.f.) 
of the cell is then equal to the algebraic sum of the 
two electrode potentials, appropriate allowance being 
made for the sign of each potential difference as fol- 
lows. When a metal is placed in a liquid, there is, 
in general, a potential difference established between 
the metal and the solution owing to the metal yielding 
ions to the solution or the solution yielding ions to the 
metal. In the former case, the metal will become neg- 
atively charged to the solution; in the latter case, the 
metal will become positively charged. 

Since the total e.m.f. of a cell is (or can in many 
cases be made practically) equal to the algebraic sum 
of the potential differences at the two electrodes, it 
follows that, if the e.m.f. of a given cell and the value 
of the potential difference at one of the electrodes are 
known, the potential difference at the other electrode 
can be calculated. For this purpose, use can be made 
of the standard calomel electrode, which is combined 
with the electrode and solution between which one 
wishes to determine the potential difference. 

In the case of any particular combination, such as 
the following: 

Zn/N ZnS0 4 /Hg 2 Cl 2 in n KCl/Hg 

the positive pole of the cell can always be ascertained 
by the way in which the cell must be inserted in the 
side circuit of a slide wire potentiometer in order to 
obtain a point of balance, on the bridge wire. To obtain 
a point of balance, the cell must be opposed to the 
working cell; and therefore, if the positive pole of the 
latter is connected with a particular end of the bridge 
wire, it follows that the positive pole of the cell in the 
side circuit must also be connected with the same end 
of the wire. 

The e.m.f. of the above cell at 18°C is 1.082 V and, 
from the way in which the cell has to be connected to 
the bridge wire, mercury is found to be the positive 
pole; hence, the current must flow in the cell from 
zinc to mercury. An arrow is therefore drawn under 
the diagram of the cell to show the direction of the 
current, and beside it is placed the value of the e.m.f., 
thus: 

Zn/N ZnS0 4 /Hg 2 Cl 2 in N KCl/Hg 

1.082 

It is also known that the mercury is positive to the 
solution of calomel, so that the potential here tends to 



produce a current from the solution to the mercury. 
This is represented by another arrow, beside which is 
placed the potential difference between the electrode 
and the solution, thus; 

Zn/N ZnS 04 /Hg 2 Cl 2 in N KCl/Hg 

> 

0.281 



1.082 

Since the total e.m.f. of the cell is 1.082 V, and since 
the potential of the calomel electrode is 0.281V, it 
follows that the potential difference between the zinc 
and the solution of zinc sulphate must be 0.801 V, 
referred to the normal hydrogen electrode, and this 
must also assist the potential difference at the mercury 
electrode. Thus: 

Zn/N ZnS 04 /Hg 2 Cl 2 in N KCl/Hg 

> > 

0.801 0.281 



1.082 

From the diagram it is seen that there is a tendency 
for positive electricity to pass from the zinc to the solu- 
tion, i.e. the zinc gives positive ions to the solution, and 
must, therefore, itself become negatively charged rel- 
ative to the solution. The potential difference between 
zinc and the normal solution of zinc sulphate is there- 
fore —0.801V. By adopting the above method, errors 
both in the sign and in the value of the potential dif- 
ference can be easily avoided. 

If a piece of copper and a piece of zinc are placed 
in an acid solution of copper sulphate, it is found, by 
connecting the two pieces of metal to an electrometer, 
that the copper is at a higher electrical potential (i.e. 
is more positive) than the zinc. Consequently, if the 
copper and zinc are connected by a wire, positive 
electricity flows from the former to the latter. At the 
same time, a chemical reaction goes on. The zinc 
dissolves forming a zinc salt, while copper is deposited 
from the solution on to the copper. 

Zn + CuSOhaq.) = ZnSOhaq.) + Cu 

This is the principle behind many types of electrical 
cell. 

Faraday’s Law of Electrochemical Equivalents holds 
for galvanic action and for electrolytic decomposition. 
Thus, in an electrical cell, provided that secondary 
reactions are excluded or allowed for, the current of 
chemical action is proportional to the quantity of elec- 
tricity produced. Also, the amounts of different sub- 
stances liberated or dissolved by the same amount of 
electricity are proportional to their chemical equiva- 
lents. The quantity of electricity required to produce 
one equivalent of chemical action (i.e. a quantity of 
chemical action equivalent to the liberation of 1 g of 
hydrogen from and acid) is known as the faraday (F). 
One faraday is equivalent to 96494 ampere seconds 
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or coulombs. The reaction quoted above involving the 
passage into solution of one equivalent of zinc and 
the deposition of one equivalent of copper is there- 
fore accompanied by the production of 2F ( 192 988 C), 
since the atomic weights of zinc and copper both con- 
tain two equivalents. 

1.1.1 Measurement of the electromotive force 

The electromotive force of a cell is defined as the 
potential difference between the poles when no current 
is flowing through the cell. When a current is flowing 
through a cell and through an external circuit, there is 
a fall of potential inside the cell owing to its internal 
resistance, and the fall of potential in the outside circuit 
is less than the potential difference between the poles 
at open circuit. 

In fact if R is the resistance of the outside cir- 
cuit, r the internal resistance of the cell and E its 
electromotive force, the current through the circuit is: 




The potential difference between the poles is now 
only E' — CR, so that 

E'/E = R/R + r 

The electromotive force of a cell is usually measured 
by the compensation method, i.e. by balancing it 
against a known fall of potential between two points 
of an auxiliary circuit. If AB (Figure 1.1) is a uniform 
wire connected at its ends with a cell M, we may find 
a point X at which the fall of potential from A to X 
balances the electromotive force of the cell N. Then 
there is no current through the loop ANX, because 
the potential difference between the points A and X, 
tending to cause a flow of electricity in the direction 
ANX, is just balanced by the electromotive force of N 
which acts in the opposite direction. The point of bal- 
ance is observed by a galvanometer G, which indicates 
when no current is passing through ANX. By means of 
such an arrangement we may compare the electromo- 
tive force E of the cell N with a known electromotive 
force E' of a standard cell N'\ if X' is the point of 
balance of the latter, we have: 




Figure 1.1 The Poggendorf method of determining electromotive 
force 



1.1.2 Origin of electromotive force 

It is opportune at this point to consider why it comes 
about that certain reactions, when conducted in gal- 
vanic cells, give rise to an electrical current. Many 
theories have been advanced to account for this phe- 
nomenon. Thus, in 1801, Volta discovered that if two 
insulated pieces of different metals are put in con- 
tact and then separated they acquire electric charges 
of opposite sign. If the metals are zinc and copper, the 
zinc acquires a positive charge and the copper a neg- 
ative charge. There is therefore a tendency for negative 
electricity to pass from the zinc to the copper. Volta 
believed that this tendency was mainly responsible for 
the production of the current in the galvanic cell. The 
solution served merely to separate the two metals and 
so eliminate the contact effect at the other end. 

It soon became evident that the production of the 
current was intimately connected with the chemical 
actions occurring at the electrodes, and a ‘chemical 
theory" was formulated, according to which the elec- 
trode processes were mainly responsible for the pro- 
duction of the current. Thus there arose a controversy 
which lasted, on and off, for a century. 

On the one hand the chemical theory' was strength- 
ened by Faraday’s discovery of the equivalence of the 
current produced to the amount of chemical action 
in the cell and also by the discovery of the relation 
between the electrical energy produced and the energy 
change in the chemical reaction stated incompletely by 
Kelvin in 1851 and correctly by Helmholtz in 1882. 
Nernst’s theory of the metal electrode process (1889) 
also added weight to the chemical theory. 

On the other hand, the ‘metal contact’ theorists 
showed that potential differences of the same order 
of magnitude as the electromotive forces of the cells 
occur at the metal junctions. However, they fought a 
losing battle against steadily accumulating evidence on 
the ‘chemical’ side. The advocates of the chemical the- 
ory ascribed these large contact potential differences 
to the chemical action of the gas atmosphere at the 
metal junction at the moment of separating the metals. 
They pointed out that no change occurred at the metal 
junction which could provide the electrical energy pro- 
duced. Consequently, for 20 years after 1800 little was 
heard of the metal junction as an important factor in 
the galvanic cell. Then (1912-1916) it was conclu- 
sively demonstrated by Richardson, Compton and Mil- 
likan, in their studies on photoelectric and thermionic 
phenomena, that considerable potential differences do 
occur at the junction of dissimilar metals. Butler, in 
1924, appears to have been the first to show how the 
existence of a large metal junction potential difference 
can be completely reconciled with the chemical aspect. 

Nernst’s theory of the electrode process 

In the case of a metal dipping into a solution of one 
of its salts, the only equilibrium that is possible is that 
of metal ions between the two phases. The solubility of 
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the metal, as neutral metal atoms, is negligibly small. 
In the solution the salt is dissociated into positive ions 
of the metal and negative anions, e.g. 

CuS0 4 = Cu 2+ + SO^- 

and the electrical conductivity of metals shows that 
they are dissociated, at any rate to some extent, into 
metal ions and free electrons, thus: 

Cu = Cu 2+ + 2e 

The positive metal ions are thus the only constituent 
of the system that is common to the two phases. The 
equilibrium of a metal and its salt solution therefore 
differs from an ordinary case of solubility in that only 
one constituent of the metal, the metal ions, can pass 
into solution. 

Nernst, in 1889, supposed that the tendency of a 
substance to go into solution was measured by its 
solution pressure and its tendency to deposit from 
the solution by its osmotic pressure in the solution. 
Equilibrium was supposed to be reached when these 
opposing tendencies balanced each other, i.e. when 
the osmotic pressure in the solution was equal to the 
solution pressure. 

In the case of a metal dipping into a solution 
containing its ions, the tendency of the metal ions to 
dissolve is thus determined by their solution pressure, 
which Nernst called the electrolytic solution pressure, 
P, of the metal. The tendency of the metal ions to 
deposit is measured by their osmotic pressure, p. 

Consider what will happen when a metal is put in 
contact with a solution. The following cases may be 
distinguished. 

1. P > p The electrolytic solution pressure of the 
metal is greater than the osmotic pressure of 
the ions, so that positive metal ions will pass into 
the solution. As a result the metal is left with 
a negative charge, while the solution becomes 
positively charged. There is thus set up across the 
interface an electric field which attracts positive 
ions towards the metal and tends to prevent any 
more passing into solution (Figure 1.2(a)). The ions 
will continue to dissolve and therefore the electric 
field to increase in intensity until equilibrium is 
reached, i.e. until the inequality of P and p, which 
causes the solution to occur, is balanced by the 
electric field. 

2. P < p The osmotic pressure of the ions is now 
greater than the electrolytic solution pressure of the 
metal, so that the ions will be deposited on the 
surface of the latter. This gives the metal a positive 
charge, while the solution is left with a negative 
charge. The electric field so arising hinders the 
deposition of ions, and it will increase in intensity 
until it balances the inequality of P and p, which 
is the cause of the deposition (Figure 1.2(b)). 

3 . P = p The osmotic pressure of the ions is equal 
to the electrolytic solution pressure of the metal. 




(a) P> p (b) P < p 



Figure 1.2 The origin of electrode potential difference 

The metal and the solution will be in equilibrium 
and no electric field will arise at the interface. 

When a metal and its solution are not initially in 
equilibrium, there is thus formed at the interface an 
electrical double layer, consisting of the charge on the 
surface of the metal and an equal charge of opposite 
sign facing it in the solution. By virtue of this double 
layer there is a difference of potential between the 
metal and the solution. The potential difference is 
measured by the amount of work done in taking unit 
positive charge from a point in the interior of the liquid 
to a point inside the metal. It should be observed that 
the passage of a very minute quantity of ions in the 
solution or vice versa is sufficient to give rise to the 
equilibrium potential difference. 

Nernst calculated the potential difference required 
to bring about equilibrium between the metal and 
the solution in the following way. He determined the 
net work obtainable by the solution of metal ions by 
means of a three-stage expansion process in which 
the metal ions were withdrawn from the metal at the 
electrolyte solution pressure P, expanded isothermally 
to the osmotic pressure p, and condensed at this 
pressure into the solution. The net work obtained in 
this process is 

w' = RT In Pip per mol (1.3) 

If V is the electrical potential of the metal with 
respect to the solution (V being positive when the 
metal is positive), the electrical work obtained when 
1 mol of metal ions passes into solution is n V F, where 
n is the number of unit charges carried by each ion. 
The total amount of work obtained in the passage of 
1 mol of ions into solution is thus 

RT\nP/p + nVF (1.4) 

and for equilibrium this must be zero; hence 
RT 

V= — In Pip (1.5) 

nF 

Objection can be made to this calculation on the 
grounds that the three-stage process employed does 
not correspond to anything that can really occur and 
is really analogous in form only to the common three- 
stage transfer. However, a similar relation to which 
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this objection does not apply has been obtained by 
thermodynamic processes. 

In an alternative approach to the calculation of 
electrode potentials and of potential differences in 
cells, based on concentrations, it is supposed that two 
pieces of the same metal are dipping into solutions 
in which the metal ion concentrations are m\ and m 2 
respectively (Figure 1.3). 

Let the equilibrium potential differences between the 
metal and the solutions be V i and V 2 . Suppose that the 
two solutions are at zero potential, so that the electrical 
potentials of the two pieces of metal are Vi and V 2 . 
We may now carry out the following process: 

1. Cause one gram-atom of silver ions to pass into 
the solution from metal 1. Since the equilibrium 
potential is established at the surface of the metal, 
the net work of this change is zero. 

2. Transfer the same amount (1 mol) of silver ions 
reversibly from solution 1 to solution 2. The net 
work obtained is 

W = RT \nm\hn 2 (1.6) 

provided that Henry’s law is obeyed. 

3. Cause the gram-atom of silver ions to deposit 
on electrode 2. Since the equilibrium potential is 
established, the net work of this change is zero. 

4. Finally, to complete the process, transfer the 
equivalent quantity of electrons (charge nF) from 
electrode 1 to electrode 2. The electrical work 
obtained in the transfer of charge — nF from 
potential V\ to potential V 2 (i.e. potential difference 
= V| — V 2 ), for metal ions of valency n when 
each gram-atom is associated with nF units of 
electricity, is 

— nF(V i — V 2 ) (1.7) 

The system is now in the same state as at the 
beginning (a certain amount of metallic silver has been 
moved from electrode 1 to electrode 2, but a change 
of position is immaterial). 

The total work obtained in the process is therefore 
zero, i.e. 

-AF(V, - V 2 ) + RT \n{m\lm 2 ) = 0 (1.8) 




Figure 1.3 Calculation of electrode potential and potential 
difference 



or the potential difference is 



RT 

V = Vi -V 2 = —In 
nF 




(1.9) 



RT RT 

V[ = — In mi and V 2 = — lnm 2 
nF nF 



V=— In— (1.11) 

nF m 2 

Inserting values for R, 7\25°C) and F and 
converting from napierian to ordinary logarithms, 

2.303 x 1.988 x 298.1 x 4.182 /ra,\ 

V = lo" [ — 

n x 96490 °\m 2 ) 



From Equation 1.5 the electrical potential (V) of a 
metal with respect to the solution is given by 



where P is the electrolytic solution pressure of the 
metal and p is the osmotic pressure of metal ions. 
For two different metal solution systems, 1 and 2, the 
electrical potentials V\ and V 2 are given by 



- RT 

V? = In 

nF 



Therefore 



V{ — V 2 = potential difference ( V ) 



= — In 
nF 



Comparing Equations 1.12 and 1.13 it is seen that, 
as would be expected, mi oc P\ and m 2 oc P 2 , i.e. the 
concentrations of metal ions in solution (m) are directly 
proportional to the electolytic solution pressures of the 
metal (P). 



Kinetic theories of the electrode process 

A more definite physical picture of the process at 
a metal electrode was given by Butler in 1924. 
According to current physical theories of the nature 
of metals, the valency electrons of a metal have 
considerable freedom of movement. The metal may be 
supposed to consist of a lattice structure of metal ions, 
together with free electrons either moving haphazardly 
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among them or arranged in an interpenetrating lattice. 
An ion in the surface layer of the metal is held in its 
position by the cohesive forces of the metal, and before 
it can escape from the surface it must perform work 
in overcoming these forces. Owing to their thermal 
agitation the surface ions are vibrating about their 
equilibrium positions, and occasionally an ion will 
receive sufficient energy to enable it to overcome the 
cohesive forces entirely and escape from the metal. 
On the other hand, the ions in the solution are held to 
the adjacent water molecules by the forces of hydration 
and, in order that an ion may escape from its hydration 
sheath and become deposited on the metal, it must have 
sufficient energy to overcome the forces of hydration. 

Figure 1.4 is a diagrammatic representation of the 
potential energy of an ion at various distances from 
the surface of the metal. (This is not the electrical 
potential, but the potential energy of an ion due to the 
forces mentioned above.) The equilibrium position of 
an ion in the surface layer of the metal is represented 
by the position of minimum energy, Q. As the ion is 
displaced towards the solution it does work against 
the cohesive forces of the metal and its potential 
energy rises while it loses kinetic energy. When it 
reaches the point S it comes within the range of the 
attractive forces of the solution. Thus all ions having 
sufficient kinetic energy to reach the point S will 
escape into the solution. If W ] is the work done in 
reaching the point S, it is easily seen that only ions 
with kinetic energy W i can escape. The rate at which 
ions acquire this quantity of energy in the course of 
thermal agitation is given by classical kinetic theory 
as 9] = k' e\p(—W i/kT), and this represents the rate 
of solution of metal ions at an uncharged surface. 

In the same way, R represents the equilibrium 
position of a hydrated ion. Before it can escape from 
the hydration sheath the ion must have sufficient 
kinetic energy to reach the point S, at which it comes 
into the region of the attractive forces of the metal. 

If W 2 is the difference between the potential energy 
of an ion at R and at S, it follows that only those ions 
that have kinetic energy greater than W 2 can escape 
from their hydration sheaths. The rate of deposition 




Figure 1.4 Potential energy of an ion at various distances from 
the surface of a metal 



will thus be proportional to their concentration (i.e. 
to the number near the metal) and to the rate at 
which these acquire sufficient kinetic energy. The 
rate of deposition can thus be expressed as 0 2 = 
k" c exp(—W 2 /kT). 

6>i and d 2 are not necessarily equal. If they are 
unequal, a deposition or solution of ions will take place 
and an electrical potential difference between the metal 
and the solution will be set up, as in Nemst’s theory. 
The quantities of work done by an ion in passing from 
Q to S or R to S are now increased by the work 
done on account of the electrical forces. If V' is the 
electrical potential difference between Q and S, and 
V" that between S and R, so that the total electrical 
potential difference between Q and R is V = V' + V", 
the total work done by an ion in passing from Q to 
S is Wi — neV' and the total work done by an ion in 
passing from R to S is W 2 + neV", where n is the 
valency of the ion and e the unit electronic charge. V' 
is the work done by unit charge in passing from S to 
Q and V" that done by unit charge in passing from R 
to S. The rates of solution and deposition are thus: 

0\ = k' exp [-(Wi -nV')/kT] 

d 2 = F'cexp [— (IV 2 + nV")/kT] 

For equilibrium these must be equal, i.e. 

k' exp [ — (W i - nV')!kT] = F'cexp [-(W 2 + nV")/kT\ 



or 



V' + V" 



Wi - W 2 kT kT 

1 Inc H In 

ne ne ne 




If No is the number of molecules in the 
gram-molecule, we may write: 



N 0 (W l - W 2 ) = A E 
Noe = F 
Nok = R 



and we then have 




RT RT 

— Inc -i In 

nF nF 




The final term contains some statistical constants 
which are not precisely evaluated, but it is evident 
that, apart from this, V depends mainly on A E, the 
difference of energy of the ions in the solution and in 
the metal. 

Comparing this with the Nemst expression we see 
that the solution pres P is 



lnF = 



A E 

Hr 



- In 




(1.14) 



One of the difficulties of Nemst’s theory was that 
the values of P required to account for the observed 
potential differences varied from enormously great to 
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almost infinitely small values, to which it was difficult 
to ascribe any real physical meaning. This difficulty 
disappears when it is seen that P does not merely 
represent a concentration difference, but includes a 
term representing the difference of energy of the ions 
in the two phases, which may be large. 

The electrode process has also been investigated 
using the methods of quantum mechanics. The final 
equations obtained are very similar to those given 
above. 

Work function at the metal-metal junction 

When two dissimilar metals are put in contact there is a 
tendency for negative electricity, i.e. electrons, to pass 
from one to the other. Metals have different affinities 
for electrons. Consequently, at the point of junction, 
electrons will tend to pass from the metal with the 
smaller to that with the greater affinity for electrons. 
The metal with the greater affinity for electrons will 
become negatively charged and that with the lesser 
affinity will become positively charged. A potential 
difference is set up at the interface which increases 
until it balances the tendency of electrons to pass from 
the one metal to the other. At this junction, as at the 
electrodes, the equilibrium potential difference is that 
which balances the tendency of the charged particle to 
move across the interface. 

By measurements of the photoelectric and thermio- 
nic effects, it has been found possible to measure 
the amount of energy required to remove electrons 
from a metal. This quantity is known as its thermionic 
work function and is usually expressed in volts, as the 
potential difference through which the electrons would 
have to pass in order to acquire as much energy as is 
required to remove them from the metal. Thus, if cf> 
is the thermionic work function of a metal, the energy 
required to remove one electron from the metal is etp, 
where e is the electronic charge. The energy required 
to remove one equivalent of electrons (charge F) is 
thus <j>F or 96 500^/4.182 cal. The thermionic work 
functions of a number of metals are given in Table 1.1. 

The energy required to transfer an equivalent of 
electrons from one metal to another is evidently given 
by the difference between their thermionic work func- 
tions. Thus, if <p\ is the thermionic work function of 
metal 1 and 4> 2 that of metal 2, the energy required to 
transfer electrons from 1 to 2 per equivalent is 

AE = (0i - 4n)F (1.15) 

The greater the thermionic work function of a metal, 
the greater is the affinity for electrons. Thus electrons 
tend to move from one metal to another in the direction 
in which energy is liberated. This tendency is balanced 
by the setting up of a potential difference at the 
junction. When a current flows across a metal junction, 
the energy required to carry the electrons over the 
potential difference is provided by the energy liberated 
in the transfer of electrons from the one metal to 



Table 1.1 The thermionic work 
functions of the metals 



Metal 


Thermionic 
work function 

(V) 


Potassium 


2.12 


Sodium 


2.20 


Lithium 


2.28 


Calcium 


3.20 


Magnesium 


3.68 


Aluminium 


4.1 


Zinc 


3.57 


Lead 


3.95 


Cadmium 


3.68 


Iron 


4.7 


Tin 


4.38 


Copper 


4.16 


Silver 


4.68 


Platinum 


6.45 



the other. The old difficulty that no apparent change 
occurred at the metal junction which could contribute 
to the electromotive force of a cell thus disappears. 

It should be noted that the thermionic work function 
is really an energy change and not a reversible work 
quantity and is not therefore a precise measure of 
the affinity of a metal for electrons. When an electric 
current flows across a junction the difference between 
the energy liberated in the transfer of electrons and 
the electric work done in passing through the potential 
difference appears as heat liberated at the junction. 
This heat is a relatively small quantity, and the junction 
potential difference can be taken as approximately 
equal to the difference between the thermionic work 
functions of the metals. 

Taking into account the above theory, it is now 
possible to view the working of a cell comprising two 
dissimilar metals such as zinc and copper immersed 
in an electrolyte. At the zinc electrode, zinc ions pass 
into solution leaving the equivalent charge of electrons 
in the metal. At the copper electrode, copper ions are 
deposited. In order to complete the reaction we have to 
transfer electrons from the zinc to the copper, through 
the external circuit. The external circuit is thus reduced 
to its simplest form if the zinc and copper are extended 
to meet at the metal junction. The reaction 

Zn + Cu 2+ (aq.) = Zn 2+ (aq.) + Cu 

occurs in parts, at the various junctions: 

1. Zinc electrode: 

Zn = Zn 2+ (aq.) + 2e(Zn) 

2. Metal junction: 

2e(Zn) = 2e(Cu) 

3. Copper electrode: 

Cu 2+ (aq.) + 2e(Cu) = Cu 
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If the circuit is open, at each junction a potential 
difference arises which just balances the tendency for 
that particular process to occur. When the circuit is 
closed there is an electromotive force in it equal to 
the sum of all the potential differences. Since each 
potential difference corresponds to the net work of one 
part of the reaction, the whole electromotive force is 
equivalent to the net work or free energy decrease of 
the whole reaction. 

1.2 Reversible cells 

During the operation of a galvanic cell a chemical 
reaction occurs at each electrode, and it is the energy 
of these reactions that provides the electrical energy 
of the cell. If there is an overall chemical reaction, 
the cell is referred to as a chemical cell. In some 
cells, however, there is no resultant chemical reaction, 
but there is a change in energy due to the transfer of 
solute from one concentration to another; such cells are 
called ‘concentration cells’. Most, if not all, practical 
commercial batteries are chemical cells. 

In order that the electrical energy produced by a 
galvanic cell may be related thermodynamically to the 
process occurring in the cell, it is essential that the 
latter should behave reversibly in the thermodynamic 
sense. A reversible cell must satisfy the following 
conditions. If the cell is connected to an external source 
cf e.m.f. which is adjusted so as exactly to balance the 
e.m.f. of the cell, i.e. so that no current flows, there 
should be no chemical or other change in the cell. If 
the external e.m.f. is decreased by an infinitesimally 
small amount, current will flow from the cell, and a 
chemical or other change, proportional in extent to the 
quantity of electricity passing, should take place. On 
the other hand, if the external e.m.f. is increased by 
a very small amount, the current should pass in the 
opposite direction, and the process occurring in the 
cell should be exactly reversed. 

It may be noted that galvanic cells can only be 
expected to behave reversibly in the thermodynamic 
sense, when the currents passing are infinitesimally 
small, so that the system is always virtually in equi- 
librium. If large currents flow, concentration gradi- 
ents arise within the cell because diffusion is rela- 
tively slow; in these circumstances the cell cannot be 
regarded as existing in a state of equilibrium. This 
would apply to most practical battery applications 
where the currents drawn from the cell would be more 
than infinitesimal. Of course, with a given type of 
cell, as the current drawn is increased the departure 
from the equilibrium increases also. Similar comments 
apply during the charging of a battery where current is 
supplied and the cell is not operating under perfectly 
reversible conditions. 

If this charging current is more than infinitesimally 
small, there is a departure from the equilibrium state 
and the cell is not operating perfectly reversibly in the 
thermodynamic sense. When measuring the e.m.f. of 



a cell, if the true thermodynamic e.m.f. is required, 
it is necessary to use a type of measuring equipment 
that draws a zero or infinitesimally small current from 
the cell at the point of balance. The e.m.f. obtained 
in this way is as close to the reversible value as 
is experimentally possible. If an attempt is made to 
determine the e.m.f. with an ordinary voltmeter, which 
takes an appreciable current, the result will be in error. 

In practical battery situations, the e.m.f. obtained is 
not the thermodynamic value that would be obtained 
for a perfectly reversible cell but a non-equilibrium 
value which for most purposes suffices and in many 
instances is, in fact, close to the value that would have 
been obtained under equilibrium conditions. 

One consequence of drawing a current from a cell 
which is more than infinitesimally small is that the cur- 
rent obtained would not be steady but would decrease 
with time. The cell gives a steady current only if the 
current is very low or if the cell is in action only 
intermittently. The explanation of this effect, which 
is termed ‘polarization’, is simply that some of the 
hydrogen bubbles produced by electrolysis at the metal 
cathode adhere to this electrode. This results in a two- 
fold action. First, the hydrogen is an excellent insulator 
and introduces an internal layer of very high elec- 
trical resistance. Secondly, owing to the electric field 
present, a double layer of positive and negative ions 
forms on the surface of the hydrogen and the cell actu- 
ally tries to send a current in the reverse direction or a 
back e.m.f. develops. Clearly, the two opposing forces 
eventually balance and the current falls to zero. These 
consequences of gas production at the electrodes are 
avoided, or at least considerably reduced, in practical 
batteries by placing between the positive and nega- 
tive electrodes a suitable inert separator material. The 
separators perform the additional and, in many cases, 
more important function of preventing short-circuits 
between adjacent plates. 

A simple example of a primary (non-rechargeable) 
reversible cell is the Daniell cell, consisting of a zinc 
electrode immersed in an aqueous solution of zinc 
sulphate, and a copper electrode in copper sulphate 
solution: 

Zn | ZnSCTfisoln) \ CuSC>4(soln) | Cu 

the two solutions being usually separated by a porous 
partition. Provided there is no spontaneous diffu- 
sion through this partition, and the electrodes are not 
attacked by the solutions when the external circuit is 
open, this cell behaves in a reversible manner. If the 
external circuit is closed by an e.m.f. just less than that 
of the Daniell cell, the chemical reaction taking place 
in the cell is 

Zn + Cu 2+ = Zn 2+ + Cu 

i.e. zinc dissolves from the zinc electrode to form zinc 
ions in solution, while copper ions are discharged and 
deposit copper on the other electrode. Polarization is 




1/10 Introduction to battery technology 



prevented. On the other hand, if the external e.m.f. is 
slightly greater than that of the cell, the reverse process 
occurs; the copper electrode dissolves while metallic 
zinc is deposited on the zinc electrode. 

A further example of a primary cell is the well 
known Leclanche carbon-zinc cell. This consists of 
a zinc rod anode dipping into ammonium chloride 
paste outside a linen bag inside which is a carbon 
rod cathode surrounded by solid powdered manganese 
dioxide which acts as a chemical depolarizer. 

The equation expressing the cell reaction is as fol- 
lows: 

2Mn0 2 + 2NH4CI + Zn -> 2MnOOH + Zn(NH 3 ) 2 Cl 2 

The e.m.f. is about 1.4 V. Owing to the fairly slow 
action of the solid depolarizer, the cell is only suitable 
for supplying small or intermittent currents. 

The two cells described above are primary (non- 
rechargeable) cells, that is, cells in which the nega- 
tive electrode is dissolved away irreversibly as time 
goes on. Such cells, therefore, would require replace- 
ment of the negative electrode, the electrolyte and the 
depolarizer before they could be re-used. Secondary 
(rechargeable) cells are those in which the electrodes 
may be re-formed by electrolysis, so that, effectively, 
the cell gives current in one direction when in use (dis- 
charging) and is then subjected to electrolysis (rechar- 
ging) by a current from an external power source 
passing in the opposite direction until the electrodes 
have been completely re-formed. A well known sec- 
ondary cell is the lead-acid battery, which consists of 
electrodes of lead and lead dioxide, dipping in dilute 
sulphuric acid electrolyte and separated by an inert 
porous material. The lead dioxide electrode is at a 
steady potential of about 2 V above that of the lead 
electrode. The chemical processes which occur on dis- 
charge are shown by the following equations: 

1. Negative plate: 

Pb + SO^“ ->■ PbS0 4 + 2e 

2. Positive plate: 

Pb0 2 + Pb + 2H 2 S0 4 + 2e 2PbS0 4 + 2H 2 0 
or for the whole reaction on discharge: 

Pb0 2 + Pb + H 2 S0 4 2PbS0 4 + 2H 2 0 

The discharging process, therefore, results in the for- 
mation of two electrodes each covered with lead sul- 
phate, and therefore showing a minimum difference 
in potential when the process is complete, i.e. when 
the cell is fully discharged. In practice, the discharged 
negative plate is covered with lead sulphate and the 
positive plate with compounds such as PbO.PbS0 4 . 

In the charging process, current is passed through 
the cell in such a direction that the original lead 
electrode is reconverted into lead according to the 
equation: 

PbS0 4 + 2H + + 2e“ -» H 2 S0 4 + Pb 



while the lead peroxide is re-formed according to the 
equation: 

PbS0 4 + 2H 2 0 -> Pb0 2 + H 2 S0 4 + 2e“ + 2H + 

Overall, the charge cell reaction is: 

2PbS0 4 + 2H 2 0 -+ Pb + Pb0 2 + 2H 2 S0 4 

It is clear from the above equations that in the 
discharging process water is formed, so that the rel- 
ative density of the acid solution drops steadily. Con- 
versely, in the charging process the acid concentration 
increases. Indeed, the state of charge of an accumu- 
lator is estimated from the density of the electrolyte, 
which varies from about 1.15 when completely dis- 
charged to 1.21 when fully charged. Throughout all 
these processes the e.m.f. remains approximately con- 
stant at 2.1 V and is therefore useless as a sign of the 
degree of charge in the battery. 

The electromotive force mentioned above is that of 
the charged accumulator at open circuit. During the 
passage of current, polarization effects occur, as dis- 
cussed earlier, which cause variations of the voltage 
during charge and discharge. Figure 1.5 shows typi- 
cal charge and discharge curves. During the charge 
the electromotive force rises rapidly to a little over 
2.1 V and remains steady, increasing very slowly as 
the charging proceeds. At 2.2 V oxygen begins to be 
liberated at the positive plates and at 2.3 V hydrogen 
at the negative plates. The charge is now completed 
and the further passage of current leads to the free 
evolution of gases and a rapid rise in the electromo- 
tive force. If the charge is stopped at any point the 
electromotive force returns, in time, to the equilibrium 
value. During discharge it drops rapidly to just below 
2 V. The preliminary ‘kink’ in the curve is due to the 
formation of a layer of lead sulphate of high resistance 
while the cell is standing, which is soon dispersed. The 
electromotive force falls steadily during cell discharge; 
when it has reached 1.8 V the cell should be recharged, 
as the further withdrawal of current causes the voltage 
to fall rapidly. 

The difference between the charge and discharge 
curves is due to changes of concentration of the acid 
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Figure 1.5 Charge and discharge curves for a lead-acid battery 
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in contact with the active materials of the plates. These 
are full of small pores in which diffusion is very slow, 
so that the concentration of the acid is greater during 
the charge and less during the discharge than in the 
bulk of the solution. This difference results in a loss 
of efficiency. 

The current efficiency of the lead accumulator, i.e. 

Amount of current taken out 
_ . during discharge 

Current efficiency = — i % 5 : — 

Amount ot current put in 

during charge 

is high, about 94-96%, but the charging process takes 
place at a higher electromotive force than the dis- 
charge, so that more energy is required for the former. 

The energy efficiency measured by 

Energy obtained ^(Discharge voltage x Quantity 

in discharge _ of electricity) 

Energy required — v-> (Charge voltage x Quantity 

to charge 2 —< of electricity) 

is comparatively low, at 75-85%. 

A further example of a rechargeable battery is the 
nickel-iron cell. In the discharged state the negative 
plate of this cell is iron with hydrated ferrous oxide, 
and the positive plate is nickel with hydrated nickel 
oxide. When charged, the ferrous oxide is reduced to 
iron, and the nickel oxide is oxidized to a hydrated 
peroxide. The cell reaction may thus be represented by 

charge 

FeO -f 2NiO ^ Fe 4- Ni 203 

discharge 

The three oxides are all hydrated to various extents, 
but their exact compositions are unknown. In order 
to obtain plates having a sufficiently large capacity, 
the oxides have to be prepared by methods which 
give particularly finely divided and active products. 
They are packed into nickel-plated steel containers, 
perforated by numerous small holes - an arrangement 
which gives exceptional mechanical strength. The elec- 
trolyte is usually a 21% solution of potash, but since 
hydroxyl ions do not enter into the cell reaction the 
electromotive force (1.33—1.35 V) is nearly indepen- 
dent of the concentration. Actually, there is a differ- 
ence between the amount of water combined with the 
oxides in the charged and discharged plates. Water is 
taken up and the alkali becomes more concentrated 
during the discharge, but water is given out during the 
charge. The electromotive force therefore depends to a 
small extent on the free energy of water in the solution, 
which in turn is determined by the concentration of the 
dissolved potash. Actually 2.9 mol of water are liber- 
ated in the discharge reaction, as represented above, 
and the variation of the electromotive force between 
I.On and 5.3n potash is from 1.351 to 1.335V. The 
potential of the positive plate is +0.55 and that of the 
negative plate —0.8 on the hydrogen scale. 

The current efficiency, about 82%, is considerably 
lower than that of the lead accumulator. The voltage 



during the charge is about 1 .65 V, rising at the end to 
1.8 V, whereas during the discharge it falls gradually 
from 1.3 to 1.1 V. Hence the energy efficiency is only 
about 60%. 

1.3 Reversible electrodes 

The electrodes constituting a reversible cell are 
reversible electrodes, and three chief types of such 
electrodes are known. The combination of any two 
reversible electrodes gives a reversible cell. 

The first type of reversible electrode involves a 
metal (or a non-metal) in contact with a solution of its 
own ions, e.g. zinc in zinc sulphate solution, or copper 
in copper sulphate solution, as in the Daniell cell. 
Electrodes of the first kind are reversible with respect 
to the ions of the electrode material, e.g. metal or non- 
metal; if the electrode material is a univalent metal or 
hydrogen, represented by M, the reaction which takes 
place at such an electrode, when the cell of which it 
is part operates, is 

M M + + e 

where e indicates an electron, and M + implies a 
hydrated (or solvated) ion in solution. The direction 
of the reaction depends on the direction of flow of 
current through the cell. If the electrode material is a 
univalent non-metal A, the ions are negative and the 
corresponding reaction is 

A~ A + e 

As will be seen later, the potentials of these elec- 
trodes depend on the concentration (or activity) of the 
reversible ions in the solution. 

Electrodes of the second type involve a metal and 
a sparingly soluble salt of this metal in contact with a 
solution of a soluble salt of the same anion: 

M | MX(s) HX(soln) 

The electrode reaction in this case may be written as 
M(s) + X“ ^ MX(s) + e 

the ion X being that in the solution of the soluble 
acid, e.g. HX. These electrodes behave as if they were 
reversible with respect to the common anion (the ion 
X in this case). 

Electrodes of the second type have been made with 
various insoluble halides (silver chloride, silver bro- 
mide, silver iodide and mercurous chloride) and also 
with insoluble sulphates, oxalates, etc. 

The third important type of reversible electrode con- 
sists of an unattackable metal, e.g. gold or platinum, 
immersed in a solution containing both oxidized and 
reduced states of an oxidation-reduction system, e.g. 
Sn 4+ and Sn 2+ ; Fe 3+ and Fe 2+ ; or Fe(CN)g“ and 
Fe(CN)g~- The purpose of the unattackable metal is 
to act as a conductor to make electrical contact, just 
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as in the case of a gas electrode. The oxidized and 
reduced states are not necessarily ionic. For example, 
an important type of reversible electrode involves the 
organic compound quinone, together with hydrogen 
ions, as the oxidized state, with the neutral molecule 
hydroquinone as the reduced state. Electrodes of the 
kind under consideration, consisting of conventional 
oxidized and reduced forms, are sometimes called oxi- 
dation-reduction electrodes; the chemical reactions 
taking place at these electrodes are either oxidation 
of the reduced state or reduction of the oxidized state 
of the metal ion M: 

M 2+ M 4+ + 2e 

depending on the direction of the current. In order that 
the electrode may behave reversibly it is essential that 
the system contain both oxidized and reduced states. 

The three types of reversible electrodes described 
above differ formally as far as Iheir construction is 
concerned: nevertheless, they are all based on the 
same fundamental principle. A reversible electrode 
always involves an oxidized and a reduced state, 
using the terms ‘oxidized’ and ‘reduced’ in their 
broadest sense; thus, oxidation refers to the liber- 
ation of electrons while reduction implies the tak- 
ing up of electrons. If the electrode consists of a 
metal M and its ions M + , the former is the reduced 
state and the latter is the oxidized state; similarly, 
for an anion electrode, the A - ions are the reduced 
state while A represents the oxidized state. It can 
be seen, therefore, that all three types of reversible 
electrode are made up from the reduced and oxi- 
dized states of a given system, and in every case 
the electrode reaction may be written in the general 
form 

Reduced state Oxidized state + ne 

where n is the number of electrons by which the 
oxidized and reduced states differ. 

A reversible electrode consists of an oxidized and 
a reduced state, and the reaction which occurs at 
such an electrode, when it forms part of an oper- 
ating cell, is either oxidation (i.e. reduced state -» 
oxidized state + electrons) or reduction (i.e. oxidized 
state + electrons — > reduced state). It can be readily 
seen, therefore, that in a reversible cell consisting of 
two reversible electrodes, a flow of electrons, and 
hence a flow of current, can be maintained if oxida- 
tion occurs at one electrode and reduction at the other. 
According to the convention widely adopted, the e.m.f. 
of the cell is positive when in its normal operation oxi- 
dation takes place at the left-hand electrode of the cell 
as written and reduction occurs at the right-hand elec- 
trode. If the reverse is the case, so that reduction is 
taking place at the left-hand electrode, the e.m.f. of 
the cell, by convention, will have a negative sign. 

The Daniell cell, represented by 

Zn | MZnSCEfsoln) j MCuSCEfsoln) | Cu 



has an e.m.f. of 1.10 V, and by the convention its sign 
is positive. This means that when the cell operates 
oxidation occurs at the left-hand electrode; that is to 
say, metallic zinc atoms are being oxidized to form 
zinc ions in solution, i.e. 

Zn = Zn 2+ + 2e 

At the right-hand electrode there must, therefore, be 
reduction of the cupric ions, from the copper sulphate 
solution, to copper atoms, i.e. 

Cu 2+ + 2e = Cu 

The electrons liberated at the zinc electrode travel 
along the external connecting circuit and are available 
for the discharge (reduction) of the cupric ions at the 
copper electrode. The complete cell reaction, obtained 
by adding the separate electrode reactions, is conse- 
quently: 

Zn + Cu 2+ = Zn 2 + + Cu 

Since two electrons are involved for each zinc (or 
copper) atom taking part in the reaction, the whole 
process as written, with quantities in gram-atoms or 
gram-ions, takes place for the passage of 2 F of elec- 
tricity. 

The practical convention, employed in connection 
with cells for yielding current, is to call the ‘negative’ 
pole the electrode at which the process is oxidation 
when the cell is producing current; the ‘positive’ elec- 
trode is the one at which reduction is the spontaneous 
process. The reason for this is that oxidation is accom- 
panied by the liberation of electrons, and so the elec- 
trode metal acquires a negative charge; similarly, the 
reduction electrode will acquire a positive charge, 
because electrons are taken up from it. According to 
the widely used convention, the e.m.f. of a cell is pos- 
itive when it is set up in such a way that the negative 
(oxidation) electrode is to the left, and the positive 
(reduction) electrode is to the right. 

1 .4 Relationship between electrical 
energy and energy content of a cell 

It may be asked what is the relation between the 
electrical energy produced in a cell and the decrease 
in the energy content of the system, as a result of 
the chemical reaction going on therein. Considering 
only cells working at constant (atmospheric) pressure, 
when a chemical reaction occurs at constant pressure, 
without yielding any electrical energy, the heat evolved 
is equal to the decrease in the heat content of the 
system. In 1851, Kelvin made the first attempt to 
answer the question, by assuming that in the cell the 
whole of the heat of reaction appeared as electrical 
energy, i.e. the electrical energy obtained is equal to 
the decrease in the heat content of the system. This was 
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supported by measurement on the Daniell cell. When 
the reaction 

Zn + CuSCUfaq.) = Cu 4- ZnS04(aq.) 

is carried out in a calorimeter, an evolution of heat 
of 50.13kcal occurs, which agrees well with the value 
of 50.38 kcal obtained for the electrical energy yielded 
by the reaction. This agreement, however, has since 
proved to be a coincidence. In other cell reactions, the 
electrical energy is sometimes less, sometimes greater, 
than the difference in heat content of the system. In the 
former case, the balance must appear as heat evolved 
in the working of the ceil; in the latter case heat must 
be absorbed by the cell from its surroundings and to 
maintain the conservation of energy it is necessary to 
have 

w' = -H+q (1.16) 

where w' is the electrical energy yielded by the cell 
reaction, —H the decrease in heat content of the system 
and q the heat absorbed in the working of the cell. 

It is necessary, therefore, to determine the heat 
absorbed in the working of the cell before the electrical 
energy yield of the cell can be found. 

In methods for the accurate measurement of the 
electromotive force of a cell, the electromotive force of 
the cell is balanced by an applied potential difference. 
If the applied potential difference is slightly decreased, 
the cell reaction will go forward and the cell will do 
electrical work against the applied potential difference. 
If the applied potential difference is slightly increased, 
the reaction will occur in the reverse direction and 
work will be done by the external electromotive force 
on the cell. The reaction thus occurs reversibly in 
the cell when its electromotive force is balanced by 
an outside potential difference. When a reaction goes 
forward under these conditions, i.e. when the tendency 
of the reaction to go is just balanced by an external 
force, the maximum work that the reaction can yield 
is obtained. In a reaction at constant pressure, work 
is necessarily done against the applied pressure if 
any volume change occurs and this work cannot be 
obtained as electrical energy. The electrical energy 
obtained under these conditions is, therefore, the net 
work of the reaction. 

For n equivalents of chemical reaction, nF 
coulombs are produced. If E is the electromotive force 
of the cell, an applied potential difference E is required 
to balance it. The electrical work w' done when the 
reaction goes forward in a state of balance (or only 
infinitesimally removed from it) is thus nFE. and this 
is equal to the net work of the reaction. Thus 



electrical energy nFE is dissipated in the circuit as 
heat. 

According to the Gibbs-Heimholtz equation, 



AH + 1 v =T 



dvr' 

dT 



(1.18) 



putting tv' = nFE and dw'/dT = n F (dE/dT), 



AH + nFE = TnF 



(1.19) 



i.e. 



AH(i) = -nF 



E — T [ — 
d T 



n F 

AH (cal) = 

4.18 



, d£ 
E - T — 
dr 



( 1 . 20 ) 



where dE/dT is the temperature coefficient of the 
electromotive force at constant pressure. 

Comparing Equation 1.19 with Equation 1.16 it can 
be seen that 




corresponds with the heat absorbed in the working of 
the cell. Thus 



q = w' - (—AH) 

-""■(I), "■ 22) 

where q is the heat absorbed in working the cell, vv' is 
the electrical energy yielded by the cell reaction, and 
— AH is the decrease in heat content of the system. 

The sign of q thus depends on the sign of the 
temperature coefficient of the electromotive force: 

1. If d£/d7' is positive, heat is absorbed in the working 
of the cell, i.e. the electrical energy obtained is 
greater than the decrease in the heat content in the 
reaction. 

vv' — (—AH) is positive 

2. If dE/dT is negative, heat is evolved in the working 
of the cell, i.e. the electrical energy obtained is less 
than the decrease in the heat content in the reaction. 

w' — (—AH) is negative 



w'=nFE (1.17) 

It should be observed that w' is the electrical work done 
against the applied potential difference. If there is no 
opposing potential difference in the circuit, no work is 
done against an applied potential difference, and the 



3. If dE/dT is zero, no heat is evolved in the working 
of the cell, i.e. the electrical energy obtained is 
equal to the decrease in the heat content in the 
reaction. 

vv' - (—AH) = 0 
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1 .5 Free energy changes and 
electromotive forces in cells 

More recent work has regarded the processes occur- 
ring in a cell in terms of free energy changes. The 
free energy change accompanying a process is equal 
to the reversible work, other than that due to a vol- 
ume change, at constant temperature and pressure. 
When a reversible cell operates, producing an infinites- 
imal current, the electrical work is thermodynamically 
reversible in character, and does not include any work 
due to a volume change. Furthermore, since the tem- 
perature and pressure remain constant, it is possible 
to identify the electrical work done in a reversible 
cell with the free energy change accompanying the 
chemical or other process taking place in the cell. The 
work done in a cell is equal to the product of the e.m.f. 
and the quantity of electricity passing. The practical 
unit of electrical energy is defined as the energy devel- 
oped when one coulomb is passed under the influence 
of an e.m.f. of one volt; this unit is called the volt- 
coulomb, and is equivalent to one international joule. 
The calorie defined by the US Bureau of Standards 
is equivalent to 4.1833 international joules, and hence 
one volt-coulomb is equivalent to 1/4.1833, i.e. 0.2390 
(defined), calorie. 

If the e.m.f. of a reversible cell is E volts, and the 
process taking place is associated with the passage of 
n faradays, i.e. n F coulombs, the electrical work done 
by the system is consequently nFE volt-coulombs or 
international joules. The corresponding increase of free 
energy (A F) is equal to the electrical work done on 
the system; it is therefore possible to write 



possible to evaluate the heat change of the reaction 
occurring in the cell. The result may be compared with 
that obtained by direct thermal measurement; good 
agreement would then confirm the view that — nFE is 
equal to the free energy increase, since Equation 1 .20 
is based on this postulate. 

Using Equation 1.20 it is possible, having the e.m.f. 
of a cell on open circuit at a particular temperature, 
the temperature coefficient of dE/dT and the e.m.f., 
to calculate the heat change accompanying the cell 
reaction AH: 



AH = nF 




VC 



—nF 

4483 



E 




cal 



For example, the open circuit voltage of a lead-acid 
cell is 2.01V at 15°C (288 K) and its temperature 
coefficient of resistance is dE/dT = 0.000 37 V/K, n = 
2. The heat change accompanying the cell reaction in 
calories is 

AH = — 96 500 (2.01 - 288 x 0.00037) 

4.18 

= -87 500 cal = -87.5 kcal 



which is in quite good agreement with the calorimet- 
rically derived value of —89.4 kcal. 

Similarly, in the Clark cell, the reaction 

Zn(amalgam) + Hg 2 SC> 4 (s) + 7 II 2 O 



A F = -nFE 



(1.23) =ZnS0 4 .7H 2 0(s) + 2Hg(l) 



This is an extremely important relationship, which 
forms the basis of the whole treatment of reversible 
cells. 

The identification of the free energy change of a 
chemical reaction with the electrical work done when 
the reaction takes place in a reversible cell can be 
justified experimentally in the following manner. By 
the Gibbs -Helmholtz equation. 



AF = AH + T 






(1.24) 



where AH is the heat change accompanying the cell 
reaction and T is temperature in kelvins. If AF is 
replaced by —nFE, the result is 

fdE 

-nFE = AH - nFT — 



AH - nF 



,'dE 
E -T — 
\d T 



(1.25) 



gives rise to 2 F of electricity, i.e. n = 2, the open 
circuit voltage is 1.4324 V at 15°C and the temperature 
coefficient is 0.000 19, hence: 

-2 x 96 540 

AH = — (1.4324-288 x 0.001 19) 

4. 1 8 

= 8 1.92 kcal 

which agrees well with the calorimetric value of 
81. 13 kcal. 

1 .6 Relationship between the energy 
changes accompanying a cell reaction 
and concentration of the reactants 

It is important when studying the effect of concentra- 
tions of reactants in a cell on the e.m.f. developed by 
the cell to consider this in terms of free energies (AF). 

Free energy (AF) is defined by the following 
expression: 



It can be seen from Equation 1.20 that if the e.m.f. —AF = w — PAV 
of the reversible cell, i.e. E, and its temperature coef- 
ficient dE/dT, at constant pressure, are known, it is at constant temperature and pressure. 
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In a reversible, isothermal process, w is the maxi- 
mum work that can be obtained from the system in the 
given change. 

The quantity PAV is the work of expansion done 
against the external pressure, and so —A F repre- 
sents the maximum work at constant temperature and 
pressure, other than that due to volume change. The 
quantity w — PAV is called the net work and so the 
decrease — A F in the free energy of a system is equal 
to the net work obtainable (at constant temperature 
and pressure) from the system under reversible con- 
ditions. An important form of net work, since it does 
not involve external work due to a volume change, is 
electrical work; consequently, a valuable method for 
determining the free energy change of a process is 
to carry' it out electrically, in a reversible manner, at 
constant temperature and pressure. 

By Equation 1.23, 

A F = -nFE 

where A F is the free energy increase, E the e.m.f. of a 
reversible cell, nF the number of faradays associated 
with the process occurring (F = 1 F), and 

-A F 

E = — — (1.26) 

nF 



reaction as written occurs for the passage of n fara- 
days, it follows from Equation 1.26 that A F, as given 
by Equation 1.27 or 1.28, is also equal to —nFE. Fur- 
thermore, if the e.m.f. of the reversible cell is E° when 
all the substances involved are in their standard states, 
the AF° is equal to —nFE 0 . Substituting these val- 
ues for A F and A F° into Equation 1.28 and dividing 
through by — nF, the result is 

„ RT 

£ = £°-— lng a (1.29) 

nF 

This expression is seen to relate the e.m.f. of a cell 
to the activities of the substances taking part; E°. the 
standard e.m.f., is a constant for the given cell reaction, 
varying only with the temperature, at 1 atmosphere 
pressure. 

The foregoing results may be illustrated by reference 
to the cell 

(H 2 (g) + AgCl(s) = H+ + Cl- + Ag(s) 

for the passage of 1 F. The reaction quotient in terms 
of activities is 

q x a C\~ x 

«H 2 /2 x ^AgCl 



The free energy change accompanying a given reac- 
tion depends on the concentrations or, more accurately, 
the activities, of the reactants and the products. It is 
evident, therefore, that the e.m.f. of a reversible cell, in 
which a particular reaction takes place when producing 
current, will vary with the activities of the substances 
present in the cell. The exact connection can be readily 
derived in the following manner. Suppose the general 
reaction 

qA -|- 6B -I- . . . ^ /L + ntM 



but since the silver and the silver chloride are present 
in the solid state, their activities are unity; hence 

_ o H + x fl cr 



Inserting this expression into Equation 1.29, with n 
equal to unity, the e.m.f. of the cell is given by 



n RT 

£ = £ 0-_ln 



°H+ x flq- 
«Hi/2 



(1.30) 



occurs in a reversible cell; the corresponding free 
energy change is then given by the following equation 



A F = AF° + RTln 



n ; L x a'"M x . . . 
a a A x a h B x . . . 



(1.27) 



where aA, aB, . . . , aL, aM, ...now represent the 
activities of A, B. . . . , L, M, . . . as they occur in the 
reversible cell. If the arbitrary reaction quotient, in 
terms of activities, is represented by the symbol <2 a , 
Equation 1 .27 may' be written as 

AF = AF° A RT In <2a (1.28) 

As before, A F° is the free energy change when all 
the substances taking part in the cell reaction are in 
their standard states. 

If E is the e.m.f. of the cell under consideration 
when the various substances have the arbitrary activi- 
ties aA, aB, .... aL, aM as given above, and the 



The e.m.f. is thus seen to be dependent upon the 
activities of the hydrogen and chloride ions in the 
solution of hydrochloric acid, and of the hydrogen gas 
in the cell. If the substances taking part in the cell 
behaved ideally, the activities in Equation 1.30 could 
be replaced by the corresponding concentrations of the 
hydrogen and chloride ions, and by the pressure of the 
hydrogen gas. The resulting form of Equation 1.30. 
namely 



E = E° 



RT ]n / c H + x c cr \ 

F V PHj /2 J 



(1.31) 



could be used if the solution of hydrochloric acid were 
dilute and the pressure of the hydrogen gas low. 



1.7 Single electrode potentials 

There is at present no known method whereby the 
potential of a single electrode can be measured; it is 
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only the e.in.f. of a cell, made by combining two elec- 
trodes, that can be determined experimentally. How- 
ever, by choosing an arbitrary zero of potential, it is 
possible to express the potentials of individual elec- 
trodes. The arbitrary zero of potential is taken as the 
potential of a reversible hydrogen electrode, with gas at 
1 atm. pressure, in a solution of hydrogen ions of unit 
activity. This particular electrode, namely H 2 ( 1 atm.) 
H + ( a = 1), is known as the standard hydrogen elec- 
trode. The convention, therefore, is to take the potential 
of the standard hydrogen electrode as zero; electrode 
potentials based on this zero are said to refer to the 
hydrogen scale. If any electrode, M, M + , is combined 
with the standard hydrogen electrode to make a com- 
plete cell, i.e. 



the electrode when all the substances concerned are in 
their standard states of unit activity. The qualification 
‘oxidation’ is used because it describes the process tak- 
ing place at the electrode; the corresponding ‘reduction 
potentials’ will be considered below. 

The application of Equation 1 .34 may be illustrated 
by reference to a few simple cases of different types. 
Consider, first, an electrode consisting of a metal in 
contact with a solution of its own cations, e.g. copper 
in copper (cupric) sulphate solution. The electrode 
(oxidation) reaction is 

Cu = Cu 2 ' -I - 2e 

the Cu being the reduced state and Cu 2+ the oxidized 
state; in this case n is 2, and hence by Equation 1.34 



M || M + (soIn) ; H + (o = 1) || H 2 (latm.) 
E 0 



£ = £ o_g ln ffo4tA 

2 F V Q Cu / 



the e.m.f. of this cell, E, is equal to the potential of 
the M, M + electrode on the hydrogen scale. 

When any reversible electrode is combined with a 
standard hydrogen electrode, as indicated above, and 
oxidation reaction takes place at the former, while the 
hydrogen ions are reduced to hydrogen gas at the latter. 
The electrode (oxidation) process may be written in the 
following general form: 

Reduced state = Oxidized state + »e 

and the corresponding hydrogen electrode reaction is 

hH + + ne = |«H 2 (g) 

The complete cell reaction for the passage of n fara- 
days is consequently 



The activity of a c u of the solid metal is unity, by 
convention, and hence 

RT 

E = El-—\na Cu 2 + (1.35) 

so that the electrode potential is dependent on the 
standard (oxidation) potential £®, of the Cu, Cu 2+ 
system, and on the activity a Cu 2 + of the cupric ions 
in the copper sulphate solution. The result may be 
generalized, so that for any metal M (or hydrogen) in 
equilibrium with a solution of its ions M + of valence 
n, the oxidation potential of the M, M + electrode is 
given by 

n RT 

E = E%- — In n M + 



Reduced state + uH + = Oxidized state-)- f/iH 2 (g) (1.32) At: 25°C, 



The e.m.f. of the cell, which is equal to the potential 
of the reversible electrode under consideration, is then 
given by Equation 1.29 as 



RT In 1 


(Oxidized state) x a'l^ 


nF 


(Reduced state) x 



where parentheses have been used to represent the 
activities of the oxidized and reduced states as they 
actually occur in the cell. In the standard hydrogen 
electrode, the pressure of the gas is 1 atm., and hence 
the activity n H2 is unity; furthermore, by definition, the 
activity of the hydrogen ions o H + in the electrode is 
also unity. It can thus be seen that Equation 1.33 for 
the electrode potential can be reduced to the simple 
form 



E = £ 



0.059 15 

log a M+ 

n 



(1.36) 



where is the activity of the M + ions in the 
solution. For a univalent ion (e.g. hydrogen, silver, 
cuprous), n is 1; for a bivalent ion (e.g. zinc, nickel, 
ferrous, cupric, mercuric), n is 2 and so on. 

Similarly, the general equation for the oxidation 
potential of any electrode reversible to the anion A~ 
of valence n is 

E = E°e 1 + ^ h' «a - 



At 25°C, 

E = E% + 0.059 15 log a A - (1.37) 



E = £ ° - — In 
el nF 

This is the general equation for the oxidation potential 
of any reversible electrode; E®, is the corresponding 
standard electrode potential; that is, the potential of 



where a A - is the activity of the A~ ions in the given 
electrode solution. It should be noted, in compar- 
ing Equations 1.36 and 1.37 that in the former, for 
cations, the second term is preceded by a negative 
sign, whilst in the latter, for anions, the sign is pos- 
itive. To make practical use of the electrode potential 



(Oxidized state) 



(Reduced state) 



(1.34) 
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equations it is necessary to insert values for R and 
F in the factor RT/nF which appears in all such 
equations. The potential is always expressed in volts, 
and since F is known to be 96 500 C, the value of R 
(R = 1.998 cal) must be in volt coulombs, i.e. in inter- 
national joules; thus 1 .998 x 4.18) is 8.314 absolute 
joules or 8.312 international joules per degree per 
mole. Taking Equation 1.36 for the oxidation poten- 
tial of an electrode reversible with respect to cations, 
that is 



is occurring. The situation is, fortunately, quite sim- 
ple; the reduction potential of any electrode is equal 
to the oxidation potential for the same electrode but 
with the sign reversed. It is quite unnecessary, and 
in fact undesirable, to write out separate formulae for 
reduction potentials. The recommended procedure is to 
derive the oxidation potential for the given electrode 
and then merely to reverse the sign. For example, the 
reduction potential of the copper-cupric ion electrode, 
for which the reaction is 



n Af 

£ = E o__ lnaM _ 



inserting the values of R and F given above, and intro- 
ducing the factor 2.303 to convert natural logarithms 
to common logarithms, i.e. to the base 10, the result is 



E = - 



2.303 x 8.312 T 



96 500 n 



— log a M + 



= £“, - 1.984 x 10- , -log« M 2 + 



(1.38) 



Cu 2+ + 2e = Cu 

would be given by an equation identical to Equation 
1.35 but with the sign reversed. 

To facilitate the representation of electrodes, a sim- 
ple convention is adopted; when the electrode is a 
metal M, and the process is oxidation to M + ions, 
the reduced state of the system is written to the left 
and the oxidized state to the right, namely M, M + , as 
in the electrochemical equation M — > M + + electrons. 
Examples of oxidation electrodes are thus 



At 25°C, i.e. T = 298. 16 K, which is the temperature C u, Cu 2+ (or Cu. CuS0 4 (soln)) 
most frequently employed for accurate electrochemical 

measurements, this equation becomes Zn, Zn + (or Zn, Z 11 SO 4 (soln)) 



0.059 15 

log a M + 

n 



(1.39) 



Similarly, for the oxidation potential of an anion elec- 
trode at 25°C, 



E = E% + 



0.05915 , 

■ loga A - 



(1.40) 



The general form of the equation at 25°C, which 
is applicable to all reversible electrodes (see 
Equation 1.34) is 



E 



- E 



0.059 15 

loe 

n 



(Oxidized state) 
(Reduced state) 



(1.41) 



The potentials of such electrodes are given by 
Equation 1.34 or 1.36. On the other hand, if the elec- 
trodes are represented in the reverse manner, i.e. M + , 
M, with the oxidized state to the left and the reduced 
state to the right, e.g, 

Cu 2+ , Cu (or CuS0 4 (soln), Cu) 

Zn 2+ , Zn (or ZnS0 4 (soln), Zn) 

the electrode process is reduction, and the potentials 
are opposite in sign to those of the corresponding 
oxidation electrodes. 

If two reversible electrodes are combined to form 
such cells as 



where the parentheses are used to indicate activities. 

It should be evident from the foregoing examples 
that it is not a difficult matter to derive the equation 
for the oxidation potential of any electrode; all that is 
necessary is to write down the electrode reaction, and 
then to insert the appropriate activities of the oxidized 
and reduced states in Equation 1.34. The result is 
then simplified by using the convention concerning the 
standard states of unit activity. Thus, for any metal 
present in the pure state, for any pure solid compound, 
for a gas at 1 atm. pressure, and for water forming 
part of a dilute solution, the activity is taken as unity. 
The corresponding activity factors may then be omitted 
from the electrode potential equation. 

It has been seen that, in every galvanic cell, oxida- 
tion occurs at one electrode, but a reduction process 
takes place at the other electrode. The equations just 
derived give the potential of the electrode at which 
oxidation occurs, and now reference must be made 
to the potential of the electrode at which reduction 



Zn | ZnS0 4 (soln) j CuS0 4 (soln) | Cu 

then, in accordance with the convention given above, 
the reaction at the left-hand electrode is oxidation, 
while at the right-hand electrode a reduction process 
is taking place when the cell operates spontaneously 
to produce current upon closing the external circuit. 
Thus, the e.m.f. of the complete cell is equal to the 
algebraic sum of the potentials of the two electrodes, 
one being an oxidation potential and the other a reduc- 
tion potential. An important point to which attention 
may be called is that since the e.m.f. of a cell is equal 
to the sum of an oxidation and a reduction electrode 
potential, it is equivalent to the difference of two oxi- 
dation potentials. As a consequence, the e.m.f. of a cell 
is independent of the arbitrary potential chosen as the 
zero of the potential scale; the actual value, whatever 
it may be, cancels out when taking the difference of 
the two oxidation potentials based on the same (e.g. 
hydrogen) scale. 
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According to the equations derived above, the poten- 
tial of any electrode is determined by the standard 
potential and by the activity or activities of the 
ions taking part in the electrode process. These activi- 
ties are variable, but the standard potential is a definite 
property of the electrode system, having a constant 
value at a given temperature. If these standard poten- 
tials were known, it would be a simple matter to 
calculate the actual potential of any electrode, in a 
solution of given concentration or activity, by using 
the appropriate form of Equation 1.34. The standard 
potentials of many electrodes have been determined, 
with varying degrees of accuracy, and the results 
have been tabulated. The principle of the method 
used to evaluate E®, for a given electrode system is 
to measure the potential E of the electrode, on the 
hydrogen scale, in a solution of known activity; from 
these two quantities the standard potential can 
be calculated at the experimental temperature, using 
Equation 1.34. Actually the procedure is more com- 
plicated than this, because the activities are uncer- 
tain. The results obtained for the standard oxidation 
potentials of some electrodes at 25°C are recorded in 
Table 1 .2; the appropriate electrode process is given in 
each case. 



Table 1.2 Standard oxidation potentials at 25°C on the hydrogen 
scale 



Electrode 


Reaction 




K, K + 


K — > K + + e 


+2.924 


Na. Na + 


Na -> Na + + e 


+2.714 


Zn, Zn 2+ 


Zn — > Zn 2+ -j- 2e 


+0.761 


Fe, Fe 2+ 


Fe — > Fe 2+ + 2e 


+0.441 


Cd, Cd 2+ 


Cd -> Cd 2+ + 2e 


+0.402 


Co, Co 2+ 


Co ->■ Co 2+ + 2e 


+0.283 


Ni, Ni 2+ 


Ni — > Ni 2+ + 2e 


+0.236 


Sn, Sn 2+ 


Sn — > Sn 2+ + 2e 


+0.140 


Pb, Pb 2+ 


Pb -> Pb 2+ + 2e 


+0.126 


Pt fH 2 .H+ 


^H 2 ->• H+ + e 


±0.000 


Pt, Sn 2+ , Sn 4+ 


Sn 2+ -» Sn 4+ + 2e 


-0.15 


Pt, Cu+,Cu 2+ 


Cu+ -> Cu 2+ + e 


-0.16 


Ag, AgCl(s), c r 


Ag + cr -> AgCl + e 


-0.2224 


Cu, Cu 2+ 


Cu -* Cu 2+ + 2e 


-0.340 


Pt, Fe(CN)j-.Fe(CN) 2 ' 


Fe(CN) 4 - -c Fe(CN)g“ + e 


-0.356 


pt, o 2 , oi-r 


20H“ -> f0 2 + H 2 0 + 2e 


-0.401 


Pt, I 2 (s), r 


I - — ► jl2 + e 


-0.536 


Pt, Fe 2+ , Fe 3 + 


Fe 2+ — > Fe 3+ -1- e 


-0.771 


Ag, Ag + 


Ag -> Ag 4 + e 


-0.799 


Hg, Hg 2+ 


Hg-> - 1 ,- Hg 2 + + e 


-0.799 


Pt, Hg? + , Hg 2+ 


Hg 2 + -* 2Hg 2+ + 2e 


-0.906 


Pt, Br 3 (l).Br 


Br - — > ^Br 2 + e 


-1.066 


Pt, ct 2 (g), cr 


cr -> >C1 2 +e 


-1.358 


Pt, Ce 3+ , Ce 4+ 


Ce 3+ -> Ce 4+ + e 


-1.61 



It should be remembered that the standard potential 
refers to the condition in which all the substances in 
the cell are in their standard states of unit activity. 
Gases such as hydrogen, oxygen and chlorine are thus 
at 1 atm. pressure. With bromine and iodine, however, 
the standard states are chosen as the pure liquid and 
solid, respectively; the solutions are therefore saturated 
with these elements in the standard electrodes. For all 
ions the standard state of unit activity is taken as the 
hypothetical ideal solution of unit molality or, in other 
words, a solution for which the product my is unity, 
where m is the molality of the ion and y its activity 
coefficient. 

The standard reduction potentials, corresponding to 
the oxidation potentials in Table 1.2 but involving 
the reverse electrode processes, would be obtained by 
reversing the sign in each case; thus, for example, for 
the zinc electrode, 

Zn, Zn 2+ £°, = +0.761 V Zn = Zn 2+ + 2e 
Zn 2+ , Zn £°, = -0.761V Zn 2+ + 2e = Zn 
whereas, for the chlorine electrode, 

Pt, Cl 2 (g),Cr = —1.358 V Cl“ = ICl 2 (g) + e 
Cr,Cl 2 (g).Pt Eg, = +1.358 V ^Cl 2 (g) + e = cr 

1 .8 Activities of electrolyte solutions 

The use of activities instead of concentrations in the 
types of thermodynamic calculations dealing with cells 
is of great significance. The extensive use of the activ- 
ity term has been seen in the preceding equations. 
For an ideal solution, activity equals the concentra- 
tions of dissolved electrolytes. Very few solutions, 
in fact, behave ideally, although in some cases very 
dilute solutions approach ideal behaviour. By defini- 
tion, however, cell electrolytes are not dilute and hence 
it is necessary when carrying out thermodynamic cal- 
culations to use activities rather than concentrations. 
Most electrolytes consist of a solute dissolved in a 
solvent, commonly water, although, in some types of 
cell, solutions of various substances in organic solvents 
are used. When a solute is dissolved in a liquid, the 
vapour pressure of the latter is lowered. The quanti- 
tative connection between the lowering of the vapour 
pressure and the composition of a solution was dis- 
covered by F. M. Raoult. If p° is the vapour pressure 
of pure solvent at a particular temperature, and p is 
the vapour pressure of the solution at the same tem- 
perature, the difference p° — p is the lowering of the 
vapour pressure. If this is divided by p° the result, 
(p° — p)/p°, is known as the relative lowering of the 
vapour pressure for the given solution. According to 
one form of Raoult’s law, the relative lowering of the 
vapour pressure is equal to the mole fraction of the 
solute in the solution. If n , and « 2 are the numbers 
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of moles of solvent and solute, respectively, the mole 
fraction x 2 of the solute is 

n 2 

x 2 = — 7 — 
n i + n 2 



and hence, by Raoult’s law, 

p° - p «2 

p u n i + n 2 



(1.42) 



This law, namely that 

Relative lowering of vapour pressure 
Mole fraction of solute 

is obeyed, at least approximately, for many 
solute-solvent systems. There are, however, theoreti- 
cal reasons for believing that Raoult’s law could only 
be expected to hold for solutions having a heat of dilu- 
tion of zero, and for which there is no volume change 
upon mixing the components in the liquid state. Such 
solutions, which should obey Raoult’s law exactly at 
all concentrations and all temperatures, are called ideal 
solutions. Actually very few solutions behave ide- 
ally and some deviation from Raoult’s law is always 
to be anticipated; however, for dilute solutions these 
deviations are small and can usually be ignored. 

An alternative form of Raoult’s law is obtained by 
subtracting unity from both sides of Equation 1 .42; the 
result is 

4 = 1 -*2 (1-43) 

P u 

The sum of the mole fractions of solvent and solute 
must always equal unity; hence, if .V] is the mole 
fraction of the solvent, and x 2 is that of the solute, 
as given above, it follows that 

A'i+JC2 = l (1-44) 



Hence Equation 1 .43 can be reduced to 



of the same solvent and soiute at a different concen- 
tration, whose vapour pressure is p" . The external 
pressure, e.g. 1 atm., and the temperature, T, are the 
same for both vessels. One mole of solvent is then 
vaporized isothermally and reversibly from the first 
solution at constant pressure p'\ the quantity of solu- 
tion is supposed to be so large that the removal of 1 mol 
of solvent does not appreciably affect the concentration 
or vapour pressure. The vaporization has been carried 
out reversibly, and so every stage represents a state of 
equilibrium. Furthermore, the temperature and pressure 
have remained constant, and hence there is no change 
of free energy. 

The mole of vapour at pressure p' is now removed 
and compressed or expanded at constant temperature 
until its pressure is changed to p" , the vapour pressure 
of the second solution. If the pressures are sufficiently 
low for the vapour to be treated as an ideal gas without 
incurring serious error, as is generally the case, the 
increase of free energy is given by 



F = RT In 




(1.46) 



Finally, the mole of vapour at the constant pressure 
p" is condensed isothermally and reversibly into the 
second solution. The change of free energy for this 
stage, like that for the first stage, is again zero; the 
total free energy change for the transfer of 1 mol of 
solvent from the first solution to the second is thus 
given by Equation 1.46. 

Let F' represent the actual free energy of 1 mol of 
solvent in the one solution and F" the value in the 
other solution. Since the latter solution gains 1 mol 
while the former loses 1 mol, the free energy increase 
F is equal to F" — F'\ it is thus possible to write, from 
Equation 1.46, 



F" — F' = FT In 




(1.47) 



P=x lP ° (1.45) 

Therefore, the vapour pressure of the solvent in a 
solution is directly proportional to the mole fraction 
of the solvent, if Raoult’s law is obeyed. It will be 
observed that the proportionality constant is p°, the 
vapour pressure of the solvent. 

As, in fact, most cell electrolyte solutions are rel- 
atively concentrated, they are non-ideal solutions and 
Raoult’s law is not obeyed. To overcome this problem 
the activity concept is invoked to overcome departure 
from ideal behaviour. It applies to solutions of elec- 
trolytes, e.g. salts and bases, and is equally applicable 
to non-electrolytes and gases. The following is a sim- 
ple method of developing the concept of activity when 
dealing with non-ideal solutions. 

Consider a system of two large vessels, one con- 
taining a solution in equilibrium with its vapour at the 
pressure p' , and the other containing another solution. 



If both solutions behave ideally, so that Raoult’s 
law is applicable, the vapour pressure is proportional 
to the mole fraction of the solvent in the particular 
solution (Equation 1.45); hence, for ideal solutions, 
Equation 1.47 becomes 

F" — F' = RT In ^ 4 ^ ( 1 -48) 

For non-ideal solutions this result is not applicable, 
but the activity of the solvent, represented by a, is 
defined in such a way that the free energy of transfer 
of 1 mol of solvent from one solution to the other is 
given exactly by: 

F" - F' = RT\n (1.49) 

This means, in a sense, that the activity is the 
property for a real solution that takes the place of the 
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mole fraction for an ideal solution in the free energy 
equation. 

Although the definition of activity as represented 
by Equation 1.49 has been derived with particular 
reference to the solvent, an exactly similar result is 
applicable to the solute. If F' is the free energy of 1 mol 
of solute in one solution, and F" is the value in another 
solution, the increase of free energy accompanying the 
transfer of 1 mol of solute from the first solution to the 
second is then given by Equation 1.49, where a' and 
a" are, by definition, the activities of the solute in the 
two solutions. 

Equation 1.49 does not define the actual or abso- 
lute activity, but rather the ratio of the activities of 
the particular substances in two solutions. To express 
activities numerically, it is convenient to choose for 
each constituent of the solution a reference state or 
standard state, in which the activity is arbitrarily taken 
as unity. The activity of a component, solvent or solute 
in any solution is thus really the ratio of its value in 
the given solution to that in the chosen standard state. 
The actual standard state chosen for each component is 
the most convenient for the purpose, and varies from 
one to the other, as will be seen shortly. If the solution 
indicated by the single prime is taken as representing 
the standard state, a’ will be unity, and Equation 1.49 
may be written in the general form 

F - F° = RThia (1.50) 

the double primes being omitted, and a superscript zero 
used, in accordance with the widely accepted conven- 
tion, to identify the standard state of unit activity. This 
equation defines the activity or, more correctly, the 
activity relative to the chosen standard state, of either 
solvent or solute in a given solution. 

The deviation of a solution from ideal behaviour 
can be represented by means of the quantity called 
the activity coefficient, which may be expressed in 
terms of various standard states. In this discussion 
the solute and solvent may be considered separately; 
the treatment of the activity coefficient of the solute 
in dilute solution will be given first. If the molar 
concentration, or molarity of the solute, is c moles 
(or gram-ions) per litre, it is possible to express the 
activity a by the relationship 

a = fc or /=- (1.51) 

c 

where / is the activity coefficient of the solute. Insert- 
ing this into Equation 1.50 gives the expression 

F — F® = RT In / c (1.52) 

applicable to ideal and non-ideal solutions. An ideal 
(dilute) solution is defined as one for which / is unity, 
but for a non-ideal solution it differs from unity. Since 
solutions tend to a limiting behaviour as they become 
more dilute, it is postulated that at the same time / 
approaches unity, so that, at or near infinite dilution, 



Equation (1.51) becomes 

a„ = co (1.53) 

that is, the activity of the solute is equal to its molar 
concentration. The standard state of unit activity may 
thus be defined as a hypothetical solution of unit molar 
concentration possessing the properties of a very dilute 
solution. The word ‘hypothetical’ is employed in this 
definition because a real solution at a concentration of 
1 mol (or gram-ion) per litre will generally not behave 
ideally in the sense of having the properties of a very 
dilute solution. 

Another standard state for solutes that is employed 
especially in the study of galvanic cells is that based 
on the relationships 

a 

a = ym or y= — (1.54) 

m 

where m is the molality of the solute, i.e. moles (or 
gram-ions) per lOOOg solvent, and y is the appropriate 
activity coefficient. Once again it is postulated that y 
approaches unity as the solution becomes more and 
more dilute, so that at or near infinite dilution it is 
possible to write 

ao = m (1.55) 

the activity being now equal to the molality. The 
standard state of unit activity is consequently defined 
as a hypothetical solution of unit molality possessing 
the properties of a very dilute solution. The difference 
between the actual value of the activity coefficient y 
and unity is a measure of the departure of the actual 
solution from an ideal solution, regarded as one having 
the same properties as at high dilution. 

In view of Equations 1.53 and 1.55 it is evident that 
in the defined ideal solutions the activity is equal to 
the molarity or to the molality, respectively. It fol- 
lows, therefore, that the activity may be thought of as 
an idealized molarity (or molality), which may be sub- 
stituted for the actual molarity (or molality) to allow 
for departure from ideal dilute solution behaviour. The 
activity coefficient is then the ratio of the ideal molar- 
ity (or molality) to the actual molarity (or molality). At 
infinite dilution both / and y must, by definition, be 
equal to unity, but at appreciable concentrations the 
activity coefficients differ from unity and from one 
another. However, it is possible to derive an equation 
relating / and y, and this shows that the difference 
between them is quite small in dilute solutions. 

When treating the solvent, the standard state of unit 
activity almost invariably chosen is that of the pure 
liquid; the mole fraction of the solvent is then also 
unity. The activity coefficient f x of the solvent in any 
solution is then defined by 

a= f y x or f x = - (1.56) 

x 

where x is the mole fraction of the solvent. In the pure 
liquid state of the solvent, a and x are both equal to 
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unity, and the activity coefficient is then also unity on 
the basis of the chosen standard state. 

Several methods have been devised for the deter- 
mination of activities; measurements of vapour pres- 
sure, freezing point depression, etc., have been used to 
determine departure from ideal behaviour, and hence 
to evaluate activities. The vapour pressure method had 
been used particularly to obtain the activity of the sol- 
vent in the following manner. 

Equation 1.49 is applicable to any solution, ideal 
or non-ideal, provided only that the vapour behaves 
as an ideal gas; comparison of this with Equation 1.49 
shows that the activity of the solvent in a solution must 
be proportional to the vapour pressure of the solvent 
over a given solution. If a represents the activity of 
the solvent in the solution and p is its vapour pressure, 
then a = kp, where k is a proportionality constant. The 
value of this constant can be determined by making 
use of the standard state postulated above, namely 
that a = 1 for the pure solvent, i.e. when the vapour 
pressure is p°; it follows, therefore, that k, which is 
equal to alp, is 1 lp°, and hence 




The activity of the solvent in a solution can thus be 
determined from measurements of the vapour pressure 
of the solution, p, and of the pure solvent, p° at a given 
temperature. It is obvious that for an ideal solution 
obeying Raoult’s law p/p° will be equal to .v, the mole 
fraction of solvent. The activity coefficient as given by 
Equation 1.56 will then be unity. It is with the object 
of obtaining this result that the particular standard state 
of pure solvent was chosen. For a non-ideal solution 
the activity coefficient of the solvent will, of course, 
differ from unity, and its value can be determined by 
dividing the activity as given by Equation 1.57 by the 
mole fraction of tire solvent. 



Table 1.3 Activity coefficients (y) and activities (a) of strong 
electrolytes 



Molality, m 
(mol solute/ 
lOOOg solvent) 


Potassium 

hydroxide 


Sulphuric 

acid 


y 


a 


V 


a 


0.01 


0.920 


0.009 20 


0.617 


0.006 17 


0.02 


- 


- 


0.519 


0.01038 


0.05 


0.822 


0.041 10 


0.397 


0.01985 


0.1 


0.792 


0.0792 


0.313 


0.031 3 


0.2 


0.763 


0.152 6 


0.244 


0.048 8 


0.5 


0.740 


0.370 


0.178 


0.0890 


1 


0.775 


0.775 


0.150 


0.150 


2 




- 


0.147 


0.294 


3 


1.136 


3.408 


0.166 


0.498 


4 


- 


- 


0.203 


0.812 


5 


- 


- 


0.202 


1.010 




Concentration of sulphuric acid (mol/kg) 

Figure 1.6 Activity coefficient- molality relationship for aqueous 
sulphuric acid 

Table 1.3 gives the activity coefficients at various 
concentrations of two typical liquids used as bat- 
tery electrolytes, namely sulphuric acid and potassium 
hydroxide. It will be seen that the activity coefficients 
initially decrease with increasing concentrations. Sub- 
sequently at higher concentrations activity coefficients 
rise becoming greater than one at high concentrations. 
The activity coefficient molality relationship for sul- 
phuric acid is shown in Figure 1 .6. Figure 1 .7 shows 
the relationship between activity, a, and molality for 
sulphuric acid. 

For many purposes, it is of more interest to know the 
activity, or activity coefficient, of the solute rather than 
that of the solvent as discussed above. Fortunately, 
there is a simple equation which can be derived ther- 
modynamically, that relates the activity cti of solvent 
and that of solute a 2 \ thus 

«2 ln«2 = — n\ lnai (1.58) 

where n i and n 2 are the numbers of moles of solvent 
and solute. If the values of a t for the solvent are known 
at a series of concentrations n i, the activity a 2 of the 
solute can be solved by graphical integration of the 
above equation. 

The activity of a solution changes with the tem- 
perature. For many purposes in thermodynamic cal- 
culations on batteries this factor may be ignored but, 
nevertheless, it is discussed below. 




1/22 Introduction to battery technology 




Concentration of sulphuric acid (mol/kg) 



Figure 1.7 Activity-molality relationship for aqueous sulphuric 
acid 



The variation of the partial molar free energy of a 
solute is given by 

FT = F S 1 +RT log a 



logo = 



Fi_ 

RT 



F? 

RT 



where F"[ is the partial free energy of the solute in the 
solution for which the activity has been taken as unity. 
F i may be termed the standard free energy under the 
conditions defined. 

Let F be the free energy of a solution containing n i 
moles of Si, n 2 moles of S 2 , etc.; by definition, 

F — E — TS + PV 



differentiating with respect to n\, 
dF _ dE ^ d S dV 

d«i dni d/i 1 ^ dn\ 
or 

FT = FT - rsT + p vT 

= 7/T-rs7 



where 




(1.59) 



(1.60) 



is the partial molar entropy defined in the same way as 
the partial molar energy or volume, etc. We can now 
find the change of F with temperature and pressure. 
First, differentiating F with respect to T, we have 




and differentiating again with respect to n , , 
ydTd/21 J d/2 1 

since 

l d 2 F \ d 2 F dFT 
\dTdni ) p ~ diiidT - "dr" 



Introducing the value of S 1 given by Equation 1.60 we 
have 

dFT — ~F\~~E~\ 

dr 1 T 
dividing through by T, we find 

/ dFT FT _ 

T x lif ~ r 2 " - r 2 ' 
or 

d(FT/r) H 
dr _ ~t i 
i.e. 

d(Fi) _ d(F\!T) 77 T 

dr dr r 2 r 2 ' 

from Equations 1.59 and 1.61, 

d(ioga) d(FT/r) d (ff/r) 

dr _ RdT RdT 

-FT F? —L 

~ Yf 1 + RT^ ~ RT 1 (l ' 6 } 

In this equation for the temperature coefficient of 
activity, H t and H ( { are the partial heat contents of 
the component in a given solution and in the standard 
state to which F ( \ refers and L\ = H\ — H\ is the heat 
content relative to the standard state. 

The change in activity (and also in the activity 
coefficient, if the composition is expressed in a way 
which does not depend on the temperature) over a 
range of temperature can be obtained by integrating 
this equation. For a wide range of temperatures it may 
be necessary to give L\ as a function of temperature 
as in the Kirchhoff equation. 



1.9 Influence of ionic concentration in 
the electrolyte on electrode potential 

The oxidation potential of a cation electrode in a 
solution of ionic activity a is given by the general 
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equation 



E\ = ~ In a 



RT 



-M 



nF 



(1.63) 



As has been seen from Equation 1.54, 

a — ym 

where m is the molality of the solute (moles or gram- 
ions per 1000 g solvent) and y is the appropriate 
activity coefficient. Hence 

RT 

E l (V) = — In ym 

nF 



= E'l 



0.059 15 . 



- log ym 



(1.64) 



If the solution is diluted to decrease the activity of 
the cations to one-tenth of its initial value, that is to 
say to 0.1a, i.e. 0.1a = y'm ' , the electrode potential 
becomes 

RT 

E 2 (V) = E° m ~ — In 0.1a 
nF 



= EX_ 



0.05915 



log 0.1a 



(1.65) 



i.e. 



E 2 (V) = ^ In ym' 



— F° 



RT 
~nF 
0.059 15 



■ log y'm 



( 1 . 66 ) 



The resulting change of potential is obtained by sub- 
tracting E\ from Ey. 

RT 

E 2 - E i(V) = — (In 0.1a - lna) 
nF' 

RT 

= — In 10 
nF 



0.059 15 
n 

0.059 15 



log 10 



(1.67) 



RT 

E 2 — E\ (V) = — (In y'm — In ym) 
nF 



RT 

= In 

nF 



ym 

log 



ym 



(1.68) 



It can be seen, therefore, that at 25°C every ten- 
fold decrease in ionic activity or, approximately, in 
the concentration of the cations results in the oxida- 
tion potential becoming more positive by 0.059 15/n V, 
where n is the valence of the ions. For bivalent ions. 



such as Zn 2+ , Cd 2+ , Fe 2+ , Cu 2+ , etc., the value of 
n is 2, and hence the electrode potential changes by 
0.059 15/2, i.e. 0.0296 V, for every ten-fold change of 
ionic activity; a hundred-fold change, which is equiv- 
alent to two successive ten-fold changes, would mean 
an alteration of 0.059 15 V in the potential at 25°C. For 
univalent ions, n is 1 and hence ten-fold and hundred- 
fold changes in the activities of the reversible ions 
produce potential changes of 0.059 15 and 0.1183 V, 
respectively. The alteration of potential is not deter- 
mined by the actual ionic concentrations or activities, 
but by the ratio of the two concentrations; that is, by 
the relative change of concentration. Thus, a change 
from 1.0 gram-ion to 0.1 gram-ion per litre produces 
the same change in potential as a decrease from 10” 6 
to 10* 7 gram-ions per litre; in each case the ratio of 
the two concentrations is the same, namely 10 to 1. 

An equation similar to Equation 1.67, but with a 
negative sign, can be derived for electrodes reversible 
with respect to anions; for such ions, therefore, a ten- 
fold decrease of concentration or activity, at 25°C, 
causes the oxidation potential to become 0.0594 15/n V 
more negative. For reduction potentials, the changes 
are of the same magnitude as for oxidation potentials, 
but the signs are reversed in each case. 

To quote a particular example, the concentration of 
sulphuric acid in a fully charged lead -acid battery is 
approximately 29% by weight (relative density 1.21) 
whilst that in a fully discharged battery is 21% by 
weight (relative density 1.15). 

Weight concentrations of 29% and 21% of sulphuric 
acid in water, respectively, correspond to molalities 
(mmol HzSCVlOOOg water) of 

21 x 1000 

m = = 2.71 

98 x (100-21) 

and 

, 29 x 1000 

m = = 4.17 

98 x (100-29) 

The activity coefficients (y) corresponding to m = 
2.71 and rri = 4.17 molal sulphuric acid are respec- 
tively y = 0.161 and /' = 0.202 (obtained from stand- 
ard activity tables, see Table 1 .3). 

Hence the activities (ym) are 

a = 0.161 x 2.71 =0.436 
and 

2 a = 0.202 x 4.17 = 0.842 
Hence, from Equation 1 .64, 

n 0.05915 „ 

Ei = Eh log 0.436 

n 

From Equation 1.65, 

„ 0.059 15 

E 2 = log 0.842 
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Table 1.4 Change of e.m.f. with concentration of electrolyte 





Concentration, 

m 

(mol/kg) 


Activity- 

coefficient, 

y 


Activity 
a = ym 


Ratio of 
concentrations 


Ratio of 
activities 


E 2 ~ E\(V) 
n = 2 


0.2 molal H 2 SO 4 


0.2 


0.244 


0.048 8 1 


> 2 


1.56 


0.00571 


diluted two-fold 


0.1 


0.313 


0.0313 J 








0.2 molal H 2 S0 4 


0.2 


0.244 


0.048 8 1 


\ 10 


4.70 


0.0199 


diluted ten-fold 


0.02 


0.519 


0.01038 J 








2 molal H 2 SO 4 


2 


0.147 


0.294 1 


(■ 2 


1.96 


0.00864 


diluted two-fold 


1 


0.150 


0.150 J 








2 molal H 2 SO 4 


2 


0.147 


0.294 1 


\ 10 


6.02 


0.0230 


diluted ten-fold 


0.2 


0.244 


0.048 8 J 


I 







From Equation 1.68, 



0.059 15 
E 2 - E i = log 



n 

0.059 15 
n 



0.842 \ 



0.436 j 
log 1.931 



if n = 2, E 2 — Ei, the potential change accompanying 
an increase in the concentration of sulphuric acid from 
2.71 to 4.17 molal, is 0.00845 V at 25°C. For relatively 
concentrated solutions of sulphuric acid, as in the case 
of the example just quoted, the ratio of the activities 
at the two acid concentrations is similar to the ratio of 
the molal concentrations: 

Molality of H 2 SO 4 , m 2.71 4.17 

Activity coefficient of H 2 SO 4 , y 0.161 0.202 

Activity, a = ym 0.436 0.842 



4.17 

Ratio of molalities = = 1.54 

2.71 

0.842 

Ratio of activities = = 1.93 

0.436 



£2 -Ei 



0.059 15 
2 '° g 
0.00543 V 



/ 0.600 \ 
V0-393 ) 



From 0.01 to 0.0154 molal 



£2 - £ 1 



0.059 15 ( 0.0855 \ 

2 l0g \ 0.006 27 ) 
0.0418 V 



That is, when more dilute solutions and stronger solu- 
tions are diluted by the same amount, the e.m.f. dif- 
ference obtained with the former is greater than that 
obtained with the latter. 

The greater the concentration difference of the two 
solutions, the greater the e.m.f. difference E 2 — E\, as 
shown in Table 1.4. 

1.10 Effect of sulphuric acid 
concentration on e.m.f. in the 
lead-acid battery 

For the reaction 



i.e. the two ratios are fairly similar. For less con- 
centrated sulphuric acid solutions (0.01 molal and 
0.0154 molal, i.e. in the same concentrations ratio as 
the stronger solutions) these two ratios are not as sim- 
ilar, as the following example illustrates: 

Molality of H 2 SO 4 , m 0.01 

Activity coefficient of H 2 SO 4 . y 0.617 

Activity, a = ym 0.006 1 7 

0.1 

Ratio of molalities = = 10.00 

0.01 

„ . „ 0.0855 

Ratio of activities = = 1.38 

0.006 17 

Potential changes at 25°C resulting from the same two- 
fold change in concentration of sulphuric acid are as 
follows: 

From 2.71 to 4.17 molal 



0.0154 

0.555 

0.0855 



Pb + Pb0 2 + 2H 2 S0 4 = 2PbS0 4 + 2H 2 0 
from the free energy (Equation 1.27), 

AF = AF° + RT In ( ^ ) 

\ apb x apbo 2 x a n 2 so 4 / 

as, from Equation 1.23, 

A F = —nFE and A F° = -nFE° 



we have 



E = E°-~ log 
nF 



2 2 

a PbS0 4 x a H 2 Q 

< 2 pb x apt0 2 x ^h 2 so 4 , 






(1.69) 



where a is the activity of sulphuric acid solution (my), 
m the concentration in moles per kilogram, y the 
activity coefficient, E° the e.m.f. in standard state, E 
the cell e.m.f., F = IF (96 500 C), n the number of 
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electrons involved in the net chemical reaction, T the 
temperature in kelvins, and R the gas constant (8.312 
international joules). 

By definition, a PbS o 4 = a HlQ = a Pb = a Pbo , = 1. 



0 

II 


- In 




nF \^II 2 S0 4 / 


at 25°C 




E 


8.312(273 + 25) x 2.303 




2 x 96500 



(1.70) 



k>2 



q H 2 S0 4 



= £ u 



-0.029 57 log 



2 1 

+i 2 so 4 



(1.71) 



Consider the previously discussed case of a lead-acid 
battery at the start and the end of discharge. At the start 
of discharge the electrolyte contains 29% by weight 
of sulphuric acid, i.e. molality = 4.17 and activity 
coefficient = 0.202 (Table 1.3). Therefore, the activ- 
ity is 0.202 x 4.17 = 0.842. Similarly, at the end of 
discharge, the acid strength is 21% by weight, i.e. 
m = 2.71 and y = 0.161, i.e. a = 0.436. 

If the cell potentials at the start and end of discharge 
are respectively by E 2 g and E 2 1, then 



£ 29 = £° - 0.029 57 log ( i — T ] 

9 S V (0.842) 2 ) 

= E°- 0.00440 V 



and 



%i = E 11 - 0.029 57 log 



= £°- 0.021 32 V 



1 



(0.436) 2 



Therefore the potential decrease (E 2 g — E 2lj during 
discharge is given by 

£ 29 - E 2 \ = -0.00440 + 0.021 52 V 

= 0.0169 V at 25° C 

Alternatively 



E 29 — E u — 0.029 57 log I 4“ 



£21 =E° - 0.029 57 log 



= 2 x 0.029 57 log ( — 
\a 2 i 



= 0.059 15 log 



“29 
8^21 

= 0.0169 V at 25°C 



or, in general, 



2 x 8.312 x (273 + T)x 2.303 log(a c ,/a r2 ) 
2 x 96500 



= 0.000 1984(273 + T) \og(a c Ja C2 ) 



where E CI is the e.m.f. at T°C when the acid has 
activity a C] at the start of discharge, E C1 is the e.m.f. at 
rC when acid has activity a c , at the end of discharge, 
and T is the cell temperature in °C. That is. 



2 x R x (273 + 7')2.303 
~nF 



log 




(1.72) 



To ascertain the value of the standard potential E° 

According to the literature, the e.m.f. of a cell contain- 
ing 21% by weight (2.71 molal) sulphuric acid at 15°C 
is 2.0100V. 

0 2.303 x 8.312 x 288 / 1 

2 x 96500 ' 0g \ (0.436) 2 

£".£ + 0.02856x^(^4^) 

= 2.0100 + 0.02856 = 2.03059 V 
£ 2 9(25°C) = 2.03059 - 0.00440 = 2.0262 V 



and 

£21 (25°C) = 2.03059 - 0.021 32 = 2.0093 V 



These equations can be used to calculate the effect 
of sulphuric acid concentration (expressed as activity) 
and cell temperature on cell e.m.f. If, for example, 
the electrolyte consists of 29% by weight sulphuric 
acid at the start of discharge (i.e. activity a 29 = 0.842) 
decreasing to 21% by weight sulphuric acid (i.e. activ- 
ity fl 2 i = 0.436) at the end of discharge, and if the tem- 
perature at the start of discharge, 7), is 15 C C increasing 
to 40°C(T P) during discharge, then from Equation 1.71 



n 8.312 x (273 + 15) x 2.303 

E 2 9 = E log 

2 x 96500 



(0.842) 2 



where E 29 is the cell e.m.f. at 25°C when the sulphuric 
acid concentration is 29% by weight, i.e. activity 
a 29 = 0.842, and £ 2 i is the cell e.m.f. at 25°C when 
the sulphuric acid concentration is 21% by weight, i.e. 
activity a 2[ = 0.436. 




and 

n 8.312 x (273 + 40) x 2.303 

E-> 1 = £ log 

2 x 96500 6 



1 

(0436)2 



Iff 0 = 2.0359 V, 
£29 = 2.0263 V 
E 2 i = 2.0082 V 



E 29 -E 21 = 0.029 57 
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During discharge, the e.m.f. decreases from 
2.0263 V to 2.0082 V, i.e. by 0.0181V. Both the 
temperature increase and the lowering of acid 
concentration contribute to a reduction in e.m.f. 
Alternatively, 



E CI = E° 



8.312(273 + 702.303 / 1 \ 

2 x 96500 ° S \ (a c , ) 2 ) 



E — E° 

C ‘C2 ~ 



8.312(273 + 7 f )2.303 / 1 \ 

2 x 96500 ° 8 V (a C2 ) 2 ) 



8.312 x 2.303 

E c , — Ery, = 

1 ‘ 96500 



{ 



(273 + 70 log a c , 



-(273 + 7'f) log a C2 j 

= 0.000 198 4(288 log 0.842 - 313 log 0.436) 
= 0.0181V 



In general, 



8.312 x 2.303 



(273 + 701oga c 



96500 

-(273 + 7p ) log a C2 J 

[(273 + T \ ) log a ci 



R x 2.303 



and 






F — 


£ 0 — 


R x 2.303 


*- j c\ — 




2 F 


F — 


E° - 


R x 2.303 


Zc 2 — 


2 F 



F 



—(273 + 7p)loga c; 



(273 + 70 
(273 + 7 f ) 



(1.73) 



(1.74) 



The effect of a change of sulphuric acid concentra- 
tion and consequently activity on cell e.m.f. at 25°C is 
shown in Table 1.5. The e.m.f. difference of 0.062 V 
obtained between acid concentrations of 47% and 



32.9% is quite small. However, on a 500-cell 100-V 
lead-acid battery this difference will cause a differ- 
ence in e.m.f. of approximately 3 V which, in some 
types of battery application, will be significant. 



1.11 End-of-charge and 
end-of-discharge e.m.f. values 

As seen in Table 1 .5 the thermodynamically calculated 
e.m.f. of a lead-acid battery at the end of charge is 
about 2.03 V at 25°C, corresponding to a sulphuric acid 
concentration of about 29% by weight. The thermo- 
dynamic e.m.f. is that of the charged battery on open 
circuit. Correspondingly, the open circuit e.m.f. of a 
discharged battery (corresponding to 21% sulphuric 
acid concentration by weight) is about 2.00 V at 25°C. 
The actual, as opposed to the thermodynamic, e.m.f. 
values differ from these values because of various 
charge and discharge effects. During passage of cur- 
rent, polarization effects occur which cause variations 
of the voltage from the thermodynamically calculated 
values during charge and discharge. Figure 1.8 shows 
typical charge and discharge curves for a lead-acid 
battery. During charge, the e.m.f. rises rapidly to a little 
over 2.1 V and remains steady, increasing very slowly 
as the charge proceeds. At 2.2 V, oxygen begins to be 
liberated at the positive plate, and at 2.3 V hydrogen 
is liberated at the negative plate. The charge is now 
completed and we enter the region of overcharge. Fur- 
ther passage of current leads to the free evolution of 
gases and a rapid rise in e.m.f. The overcharge state 
is not only wasteful in charging current, which is now 
entirely devoted to gas production rather than charging 
of the plates, but it causes mechanical damage to the 
battery. If the charge is stopped at any point during 
charge (i.e. open circuit), the e.m.f. returns in time, 
when free gases have become dislodged, to the equi- 
librium thermodynamic value for the particular state 
of charge (Table 1 .5). During discharge, the cell e.m.f. 
drops rapidly to just below 2 V. The preliminary kink 



Table 1.5 Effect of activity of sulphuric acid on cell e.m.f. of a lead-acid battery at 25°C 



Sulphuric acid 
concentration 
(% by weight) 


Molality, m 

(g H 2 S 04 / 1000 g water) 


Activity 
coefficient , y 
{see Table 1.3 ) 


Activity 
(a = ym) 


e.m.f. 

(V)* 


0.097 


0.01 


0.617 


0.006 17 


1.8999 


0.196 


0.02 


0.519 


0.01038 


1.9133 


0.487 


0.05 


0.397 


0.019 85 


1.9299 


0.970 


0.1 


0.313 


0.031 3 


1.9417 


1.92 


0.2 


0.244 


0.048 8 


1.9530 


4.67 


0.5 


0.178 


0.089 


1.9685 


8.92 


1 


0.150 


0.150 


1.9819 


16.39 


2 


0.147 


0.294 


1.9992 


22.72 


3 


0.166 


0.498 


2.0127 


28.16 


4 


0.203 


0.812 


2.0253 


32.88 


5 


0.202 


1.010 


2.0308 



‘2.03059 - 0.02957 log(l/aJ s0 ) 
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Time (min) 

Figure 1.8 Practical and thermodynamic charge and discharge curves of lead-acid battery at 25°C 



Table 1 .6 Electromotive force and temperature coefficient of voltage for various concentrations of sulphuric acid electrolyte in the 
lead-acid battery 



Sulphuric acid 
concentration 
(% by weight) 




E 




Temperature coefficient , dE/dT 


Decrease in e.m.f. 
(V) with 25°C 
temperature rise 


15°C 


25°C 


40°C 


15-25°C 


25-40°C 


15-40°C 


0.097 


1.9043 


1.8999 


1.8934 


0.00044 


0.00043 


0.00044 


0.0109 


0.196 


1.9172 


1.9133 


1.9074 


0.00039 


0.00039 


0.00039 


0.0098 


0.487 


1.9333 


1.9299 


1.9249 


0.00034 


0.00033 


0.00034 


0.0084 


0.970 


1.9446 


1.9417 


1.9372 


0.00029 


0.00030 


0.00030 


0.0074 


1.920 


1.9556 


1.9530 


1.9491 


0.00026 


0.00026 


0.00026 


0.0065 


4.67 


1.9706 


1.9685 


1.9654 


0.00021 


0.00020 


0.00021 


0.0052 


8.92 


1.9835 


1.9819 


1.9794 


0.000 16 


0.00017 


0.00016 


0.0041 


16.39 


2.0002 


1.9992 


1.9976 


0.000 10 


0.000 1 1 


0.000 10 


0.0026 


21 


2.0100 


2.0092 


2.0082 


0.00007 


0.00007 


0.00007 


0.0018 


22.72 


2.0133 


2.0127 


2.0118 


0.00006 


0.00006 


0.00006 


0.0015 


28.16 


2.0254 


2.0253 


2.0250 


0.00001 


0.00002 


0.00002 


0.0004 


29 


2.0263 


2.0262 


2.0260 


0.00001 


0.00001 


0.00001 


0.0003 


32.88 


2.0308 


2.0308 


2.0308 


0.00000 


0.00000 


0.00000 


0.0000 



observed in Figure 1.8 is due to the formation of a 
high-resistance layer of lead sulphate on the surface 
of tire plates which is soon dispersed. The e.m.f. falls 
steadily during the discharge, and when it has reached 
1.8 V the cell should be recharged, as the further with- 
drawal of current causes the voltage to fall rapidly. 
The difference between the practically observed charge 
and discharge curves shown in Figure 1.8 is due to 
changes in concentration of the acid in contact with 
the active material of the plates. The plates are full 
of small pores in which acid diffusion is very slow, 
so that the concentration of acid is greater during the 
charge and less during the discharge than in the bulk of 
electrolyte. The thermodynamic treatment previously 
discussed does not take account of such effects as 



these, which occur in a practical battery. Figure 1.8 
compares cell e.m.f. values during charge and dis- 
charge at 25°C with the thermodynamic curve at 25°C 
for charge and discharge. 

1.12 Effect of cell temperature on 
e.m.f. in the lead-acid battery 

Table 1.6 and Figure 1.9 illustrate the effect of cell 
temperature on thermodynamic cell e.m.f. at various 
sulphuric acid concentrations. Three temperatures 
likely to be encountered in battery operation are 
included: 15°C, 25°C and 40°C. Also calculated 
are the average temperature coefficients of voltage 
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Figure 1.9 Effect of sulphuric acid concentration on thermo- 
dynamic cell e.m.f. of a lead-acid battery: O, 15°C; x, 25°C; 
• ,40=C 



(dE/dT) for the three temperature ranges 15-25°C, 
25-40°C and 15-40°C. It can be seen that dE/dT is 
independent of temperature range but depends on the 
electrolyte concentration. The temperature coefficient 
of resistance reduces to very low values, i.e. e.m.f. 
is relatively insensitive to temperature change, for 
stronger solutions of sulphuric acid. Figure 1.10 shows 
the relationship of dE/dT to acid concentration for the 
temperature range 15-40°C. 



1.13 Effect of temperature and 
temperature coefficient of voltage 
dE/dT on heat content change of cell 
reaction 



According to the Gibbs-Helmholtz equation (Equation 
1.20) the heat content change (AH calories) in a 
reaction is given by 



AH = - 



nFE 

4.18 



nFT 

4.18 




p 



o.5 r 



0.4 




Sulphuric acid concentration (% w/w) 



Figure 1.10 Relationship of temperature coefficient of e.m.f. with 
sulphuric acid concentration in lead-acid battery 



where AH is the heat content change (in calories), n 
the number of electrons involved in the reaction (the 
number of equivalents of chemical action), F = 1 F 
(96500C), T the temperature (in kelvins), ( dE/dT) p 
the temperature (T) coefficient of cell e.m.f. ( E ) at 
constant pressure, p, and 4.18 the conversion factor 
from international joules to calories. 

Table 1.7 shows heat content changes occurring at 
various sulphuric acid concentrations in the lead-acid 
battery. The AH values with 21% by weight of sul- 
phuric acid at 15-40°C of 91915 to 91749 calories 
for the reaction 

Pb + Pb0 2 + 2H 2 S0 4 = 2PbS0 4 + 2H 2 0 

are in fair agreement with the calorimetrically deter- 
mined value of 89 400 cal at the same acid concen- 
tration. In general, heat content changes are higher at 
higher acid concentrations and lower cell temperatures. 

A linear relationship would be expected, and is 
indeed found, between cell e.m.f. ( E ) and heat content 
change (AH), at a particular cell temperature (T) as 
shown in Figure 1.11 for results obtained at 25°C. 



1.14 Derivation of the number of 
electrons involved in a cell reaction 

Consider the following cell reaction: 

A" + + ne = A 
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Table 1.7 Heat content changes in the lead-acid cell as a function of cell temperature, temperature coefficient of e.m.f. and acid 
concentration 



% H2SG4 
(w/vv) 




E (V) 






< AE / dT) p 




T ( dEldT) p 


AH =46191(T(d£/d7’), 


,- E ) ca 


15°C 


25 C, C 


40°C 


15-25°C 


25-40 °C 


15-40-C 


288 K 


298 K 


313 K 


288 K 


298 K 


313 K 


0.097 


1 .9043 


1.8999 


1.8934 


0.00044 


0.00043 


0.00013 


0.1267 


0.1281 


0.1346 


-82 109 


-81795 


-81241 


0.196 


1.9172 


1.9133 


1.9074 


0.00039 


0.00039 


0.00039 


0.1123 


0.1162 


0.1221 


-83 370 


-83010 


-82465 


0.487 


1.9333 


1.9299 


1.9249 


0.00034 


0.000 33 


0.00034 


0.0950 


0.0983 


0.1064 


-84913 


-84603 


-83 998 


0.970 


1.9446 


1.9417 


1.9372 


0.00029 


0.00030 


0.00030 


0.0S64 


0.0894 


0.0939 


-85 832 


-85 559 


-85 144 


1.92 


1.9556 


1.9530 


1.9491 


0.00026 


0.00026 


0.00026 


0.0759 


0.0775 


0.0814 


-86825 


-86631 


-86 271 


4.67 


1.9706 


1.9685 


1 .9654 


0.00021 


0.00020 


0.00021 


0.0576 


0.0626 


0.0657 


-88 363 


-88035 


-87 749 


8.92 


1.9835 


1.9819 


1.9794 


0.00016 


0.00017 


0.000 16 


0.0490 


0.0507 


0.0501 


-89356 


-89 204 


-89 116 


16.39 


2.0002 


1.9992 


1.9976 


0.000 10 


0.000 1 1 


0.00010 


0.0289 


0.0328 


0.0313 


-91 056 


-90 830 


-90 825 


21 


2.0100 


2.0093 


2.0082 


0.00070 


0.000 70 


0.00070 


0.0201 


0.0209 


0.0219 


-91915 


-91 846 


-91 749 


22.72 


2.0133 


2.0127 


2.0118 


0.00060 


0.00060 


0.00060 


0.0173 


0.0179 


0.0188 


-92 197 


-92 142 


-92058 


28.16 


2.0254 


2.0253 


2.0250 


0.00001 


0.00002 


0.00002 


0.0029 


0.0060 


0.0062 


-93421 


-93 273 


-93 250 


29 


2.0263 


2.0262 


2.0260 


0.00001 


0.00001 


0.00001 


0.0029 


0.0029 


0.0031 


-93 463 


-93 458 


-93 440 


32.88 


2.0308 


2.0308 


2.0308 


0.00000 


0.00000 


0.00000 


0.0000 


0.0000 


0.0000 


-93805 


-93 805 


-93 805 



o 




I i I i I . I i J i ! 1_ 

1.90 1.92 1.94 1.96 1.98 2.00 2.02 



Electromotive force at 25 °C 



electrochemically, n can be found from Equation 1.20, 
as follows: 

-nFE FT /d E\ 

AH = h — 

4.18 4.18 \AT ) B 



nF 

448 



-E 



i.e. 

4. 18 AW 




AH 





|7d E\ 


23 095 





(1.75) 



1.15 Thermodynamic calculation of 
the capacity of a battery 

In the reaction in which 1 mol of lead and lead dioxide 
react with 2 mol of sulphuric acid to produce 2 mol of 
lead sulphate and 2 mol of water (i.e. the discharge 
process in a lead-acid battery): 

Pb + Pb0 2 + 2H 2 S0 4 + 2c = 2PbS0 4 + 2H 2 0 



Figure 1.11 Lead-acid battery. Relationship between cell e.m.f. 
and heat content change (AH) at 25°C 

or 

B + «e = B"~ 

The number of equivalents of chemical action or the 
number of electrons involved in the reaction is denoted 
by n (i.e. n x F = n x 96 500 amp-seconds). If the 
heat content change (AH) of this cell reaction is 
determined by calorimetry' and the e.m.f. ( E ) and tem- 
perature coefficient of e.m.f. (dE/dT) are determined 



the amount of electrical current produced is 2 F, i.e. 
193 000 C and the heat content change in the reaction, 
AH, is approximately —90 500 cal. 

If the initial concentration of sulphuric acid in the 
battery is 29% by weight and the final concentration at 
the end of discharge is 21% by weight, the cell e.m.f. 
values are (at 25°C) respectively 2.0262 and 2.0093 V, 
and the temperature coefficients at these e.m.f. values 
are 0.000010 and 0.000 070 (Table 1.6). 

In the above reaction 2 mol (196g) of sulphuric 
acid are consumed, thus reducing the volume of elec- 
trolyte by 196/1.8305 = 107.07 ml (the relative density 
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of 100% sulphuric acid is 1.8305) and 2 mol of water 
are produced increasing the volume of electrolyte by 
36 ml. Thus the net volume reduction in the elec- 
trolyte accompanying the production of 93 000 C is 
107.07 — 36 = 71.07 ml. This electrolyte volume is, of 
course, recovered during the next charge cycle when 
the sulphuric acid is regenerated. 

By definition, the quoted values of AH and 
193 000 C (2F) refer to the above reaction in which 
1 mol of lead and of lead dioxide react with 2 mol of 
sulphuric acid. 

Knowing AH, E, dEldT and the cell temperature 
(in kelvins) it is possible to calculate the ampere hour 
capacity (C) of this cell from Equation 1.18: 



AH = - 



nF 

4T8 



E - T 
3600 x C 



d E 
dT 



4.18 



E-T 




i.e. nF = 3600C. Therefore 



4.18 x AH 





/d£\l 


3600 


E — T { — 



(1.76) 



as AH is negative, C will have a positive value. At 
25°C, in 29% by weight sulphuric acid, 



E = 2.0262 V 
d£ 

— = 0.00004 (mean value of 21-29% by weight 
sulphuric acid) 

AH = -93458 
T = 298 K 
C = 53.9C 



This is illustrated in Figure 1.12. 

We thus have the capacity of this battery based on 
the molar reaction accompanied by the production of 
95 458 cal. 

On this basis it is possible to devise a calorimetric 
method for obtaining the capacity of any battery, as 
will be discussed later. 

In the system described above it was assumed that 
the initial concentration of sulphuric acid at the staid 
of the discharge was 29% by weight (i.e. the normal 
concentration recommended for a lead-acid battery) 
and the final concentration of sulphuric acid at the end 
of discharge was 21% by weight. During discharge, 
196g of sulphuric acid were consumed and 36 g of 
water produced. It remains to calculate the initial 
volume of 29% sulphuric acid that must be used in 
the battery such that, when it has supplied 196g of 
sulphuric acid to form lead sulphate, the final acid 
concentration of the electrolyte will be 21%. 




Figure 1.12 Effect of initial volume of sulphuric acid electrolyte 
(29% w/w or 35.10g/100 ml) in a lead-acid battery on final 
end-of-discharge concentration 



At the start of discharge there are: 
100% by wt H2SO4 / 29% by wt H 2 S0 4 
29 g lOOg 



29 

1.8305 



15.842 ml 



100 

F2l04 



82.617ml 



(where 1.8305 and 1.2104, respectively, are the relative 
densities of 100% and 29% by weight sulphuric acid). 
Therefore 



Volume or weight of water present 

= 66.775 ml or g per 82.617 ml solution 
= 80.824% w/v 



and 

29 g 100% H2SO4/IOO ml solution 
29 x 100 
_ ~82.617 
= 35.102% w/v 

At the end of discharge: 

100% by wt H2SO4 / 21% by wt H 2 S0 4 
21 g 



100 g 
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i.e. 

21 100 

= 11.472ml = 87.176ml 

1.8035 1.1471 

(where 1.8035 and 1.1471, respectively, are the spe- 
cific quantities of 100% and 21% by weight sulphuric 
acid). Therefore 

Volume or weight of water present 

= 75.704 mi or g per 87.176 ml solution 

= 86.840% w/v 



and 

29 g 100% H 2 S0 4 /100ml solution 



1553.4ml and the final acid concentration will be 21% 
by weight sulphuric acid. Two faradays (193000C) 
and AH (— 93 458 cal) will have been evolved for the 
consumption of 2 mol ( 1 96 g) of sulphuric acid. If 
when a battery of unknown capacity, C, is discharged 
from Fj ml of A% by weight to F 2 ml of B% by weight 
sulphuric acid, and it is observed calorimetrically that 
X calories are evolved, corrected for any ohmic (Joule 
heating) contribution ( X has negative value as heat is 
evolved), then if E, T and dE/dT are known from 
Equation 1.76: 



3600 


r /d£\l 

E-T 1 — 




vd r _ 



21 x 100 
87.176” 



24.089% w/v 



If Vi and F f , respectively, are the volumes (in ml) 
of 29% by weight and 21% by weight sulphuric acid 
present in the battery at the start and end of the 
discharge, 



At start of discharge 
100% by wt H 2 SO 4 
35. 102 g 
Therefore 
V, x 35.102 __ 

Too g 

At end of discharge 



H 2 Q/100ml 29% by wt H 2 SQ 4 
80.824 g 



V, x 80.824 
100 



g 



H 2 O/100ml 21% by wt H 2 S0 4 
24.089 g 86.840 g 



Therefore 
Vp x 24.089 



F f x 86.840 



100 

It is known that 
V! x 35.012 V F x 24.089 



100 



100 



100 



= 96 gl00% H 2 S0 4 (2 mol) 



and 



F f x 86.840 
100 



V] x 80.824 
100 



= 36 g water 



(2 ntol) 



F 1 and A will be known, so it is possible to calculate 
F 2 and B and hence the weights of sulphuric acid, lead 
and lead dioxide consumed during the discharge. 

A more generalized approach to the calculation 
of the volume of sulphuric acid to introduce into a 
lead -acid battery to optimize performance character- 
istics is given in Section 1.16. 



1.16 Calculation of initial volume of 
sulphuric acid 

The following calculation determines the initial vol- 
ume of sulphuric acid of known weight concentration, 
required at the start of discharge, to provide a pre- 
determined final acid weight concentration after the 
consumption in the cell reaction (i.e. at end of dis- 
charge) of a predetermined weight of sulphuric acid. If 

Cj = initial concentration (% w/w) sulphuric acid (at 
start qf discharge) 

C 2 = final concentration (% w/w) of sulphuric acid 
(at end of discharge) 

S\ = relative density of sulphuric acid of 
concentration CT 

5 2 = relative density of sulphuric acid of 

concentration C 2 

5 3 = relative density of concentrated (100% w/w) 

sulphuric acid (= 1.8305) 

at the start of discharge we have Ci% H 2 S0 4 , i.e. 

Ci g 100% H 2 S0 4 per lOOg Ci% H 2 S0 4 



Solving for F t and F P , 

F[ = 1624.5 ml 
Fp = 1553.4 ml 

Vi — Fp = 71.1 ml volume reduction (theoretical) 

We can now completely define the battery. When 
1 mol of each of lead and lead dioxide in contact 
with 1624.5 ml 29% by weight sulphuric acid is dis- 
charged, then when the lead and lead dioxide are com- 
pletely reacted the final volume will have reduced to 



i.e. 

Ci 



100 



ml 100% H 2 S0 4 per — ml Ci% H 2 S0 4 

1.8305 



comprising 
Cl 



1.8305 
and 

100 Ci 
~~ 1 .8305 



ml 100% H 2 S0 4 



ml water 
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i.e. 

too , , , . 

ml total solution 

Si 

Therefore 



and the weight of water consumed during discharge is 



W\v = (W 3 - W 4 ) 



= V l xS 1 




1.8305 J 



g H 2 S04 per 100 ml (C 1 % w/w) acid = C1S1 

/ 100 Ci \ 

g H 2 0 per 100ml (Ci% w/w) acid = 5t 

At the end of discharge, we have C 2 % H 2 S0 4 , i.e. 

C 2 g 100% H2SO4 per lOOg C 2 % H 2 S0 4 

i.e. 

— — — ml 100% H 2 S0 4 per ml C 2 % H 2 S04 

1.8305 S 2 

comprising 



-V F X^ 2 




Sl.) 

1.8305 ) 



(1-82) 



As it is known from theory that for every 1 96 g (2 mol) 
of sulphuric acid consumed 36 g (2 mol) of water are 
produced, if the weight of sulphuric acid consumed is 
W A g then (W A x 36)/196 g of water are produced, i.e. 






VV A x 36 
196 



Thus, if 



IV A 



V[ x Ci x Si 
TOO 



Vp x C 2 x S 2 

Too 



— ml 100% H 2 S0 4 

1.8305 

and 



then 

36 x W A V F x S 2 ( 100 C 2 \ 
196 _ 100 1*7 ~ T8305 ) 



100 



c 2 

1.8305 



ml water 



i.e. 100/S 2 ml total solution, 
g H 2 S0 4 per 100 ml (C 2 % w/w) acid = C 2 S 2 

/ 100 C 2 A 

g ITO per 100ml (C 2 % w/w) acid = — — — ) S 2 



If Vi and Vp, respectively, denote the volumes of acid 
in the cell at the start and the end of the discharge 
process, the weight (in g) of 100% H 2 S0 4 in the cell 
at the start of discharge is 



W\ = 



V\ x Ci x Si 

loo 



(1.77) 



the weight of 100% H 2 S0 4 in the cell at the end of 
discharge is 



W 2 = 



Vp x C 2 x S 2 
100 



(1.78) 



the weight of 100% H 2 S0 4 consumed during dis- 
charge is 



1V A = VV, - W 2 

V\ x Ci x S] Vp x C 2 x S 2 

“ ioo loo 



(1.79) 



the weight of water in the cell at start of discharge is 



IT 3 = V r 




1.8305 



Si 



(1.80) 



the weight of water in the cell at the end of discharge is 



W 4 = V F 




C 2 

1.8305 



S 2 



(1.81) 



Vj x Si /100 Ci 
100 _ 1.8305 / 

These two equations can be solved for V f and V F : 
100 / \ 



V F = 



V, = 



( 36 

V 196 + C 1 S 1 



1.8305 



100 

C^i 



CiS 2 \ 

Cls 2 ) 



IV A + Vp 
100 



(1.83) 



= 1Ta 



100 



36 



C 1 S 1 C 1 S 1 V 196 



100 

CiSi 



l 



1.8305 



C 2 S 2 \ 

CisJ 



(1.84) 



and the net volume decrease in electrolyte occurring 
on discharge is 

Vi-V F = W A f— ) 

V 1-8305 196 / 

= 0.3627 x tV A (1.85) 



1.17 Calculation of operating 
parameters for a lead-acid battery 
from calorimetric measurements 

Suppose that when the electrochemical cell reaction 

yPb + yPb0 2 + a i I;SO; = a P b S ( )•_ + nH 2 0 

is carried out in a calorimeter the observed number 
of calories produced during a discharge is denoted by 
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Q. As well as heat produced in the electrochemical 
reaction, additional heat will be produced due to Joule 
heating: 



I 2 x R x / 

cal in t s 

4.18 



( 1 . 86 ) 



= 3.237 mol sulphuric acid 
= molecular weight of sulphuric acid x n 
IV A =98 x n 



= 31 7.226 g sulphuric acid 



(where I is current in amps, and R is the electrical 
resistance of cell and external contacts). 

Every attempt should be made to minimize Joule 
heating by using low electrical resistance components 
in the experimental arrangement. 

Suppose that the ohmic heating component is 
denoted by Q' calories during the discharge; then 
the heat production due to the above electrochemical 
reaction above is given by 



Q" = Q - Q’ 

If Q" is known, it is then possible (using 
Equation 1.20) to calculate n\ as heat is evolved Q" 
has a negative value: 



Q" = 



n x F 
4.18 



E-T 




( 1 . 20 ) 



i.e. 



150000 x 4.18 

" 3600(2.0100 -293 x 0.00001) 

= 86.76 Ah 

Suppose that the initial concentration of sulphuric 
acid at the start of discharge is C i % by weight, its rel- 
ative density is 5) and its volume is V f ml, all of which 
are known {C\ = 29, Si = 1.2104, Ei = 1624ml). As 
31 7.226 g of sulphuric acid have been consumed in the 
electrochemical reaction we can, from Equation 1.84, 
find the final volume concentration (C 2 ) and relative 
density (So) of sulphuric acid at the end of the dis- 
charge: 






Q r x 4.18 


n 073 


/ 


' v, 

W A 


100 \ 


F 


H(£)l 




CiS, 


CVS) ) 






L22>2 “ 36 


/ 





where Q" is the calories evolved during discharge due 
to electrochemical reaction, n the number of moles of 
sulphuric acid involved in the electrochemical reaction, 
F = IF (96 500 C), E is the cell e.m.f. (V), T the cell 
temperature (K) and dE/dT the temperature coefficient 



196 



1 .8305 

Since 

C’i = 29% by weight 
Si = 1.2104 



W A 



(1.90) 



of e.m.f. 

The weight of sulphuric acid (W A ) is given by 



W A = 98 x >; = 



Q" x 4.18 x 98 



F \E — T 



( 1 . 88 ) 



CiS i = 35.102g sulphuric acid/lOOml 
Vi = 1624 ml 
JV A = 317. 22g 
Then 



Now tiF = 3600 C, where C is the Ah capacity of the 
battery. Therefore 



C = 



nF 

3600 



Q" x 4.18 

7 



3600 I E-T 



(1.89) 



To take a particular example, if Q" is —150 000 cal per 
discharge, 

E = 2.010 V 
tlE 

— = 0.00001 
dT 

T = 293 K (20°C) 



then 



150000 x 4.18 

96500(2.0100 - 293 x 0.00001) 



C 2 S 2 = 16.75 g sulphuric acid/lOOml 



and, since S 2 (the relative density of 100% sulphuric 
acid) is 1.8305, 



C 2 = 



16.75 x 100 



100+ 16.75 1 - 



1.8305 



C 2 = 15.56 g sulphuric acid/lOOg 



Therefore 



16.75 
52 _ 15.56 



1.076 



The final volume (V F ml) of electrolyte is then given 
by Equation 1.85: 



V-p = Vi 



I 36 \ 
1.8305 ~ ~m) 



= 0.3627 W A = 1509 ml 
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The volume reduction in acid during discharge is 
V F -Vi = 1624 - 1509 = 115ml 

1.18 Calculation of optimum acid 
volume for a cell 

It is obvious in the battery discussed above that dis- 
charge has occurred to such an extent that the acid 
relative density has been reduced to the point that 
cell e.m.f. would reduce appreciably, i.e. we have 
entered the region of overdischarge, which is not re- 
commended. To overcome this a further battery is stud- 
ied in which the initial volume, Vi, of acid is increased 
from 1.624 litre by various amounts up to 5 litres. 

The relative density (S 2 ), percentage weight concen- 
tration (C 2 ) and final volume (V F ) of electrolyte at end 
of discharge are calculated as above. The results are 
presented in Table 1.8. This table enables one to select, 
for the particular cell in question, a volume of acid to 
use in the cell which will be adequate to maintain the 
necessary acid concentration in the electrolyte through- 
out the discharge, i.e. will ensure that the cell e.m.f. is 
satisfactory throughout discharge. From Figures 1.12 
and 1.13 it would seem that an initial electrolyte vol- 
ume of about 2500 ml would be adequate to ensure 
an acid concentration of 21% by weight at the end 
of charge. This corresponds to a relative density of 
about 1.10. 




Initial volume of sulphuric acid (ml) 



Figure 1.13 Effect of initial volume of sulphuric acid electrolyte 
(29% w/w or 35.10g/100ml) in a lead-acid battery on final acid 
concentration at end of discharge 

If n = 3, 6 and 9 cells in series, the corresponding 
characteristics are as shown in Table 1 .9 and the total 
internal resistance and e.m.f. increase as the number 
of cells is increased but the current remains constant. 



Table 1.8 Effect of initial volume (16) of electrolyte on final acid 
gravity (S 2 ), weight concentration (C 2 ) and final electrolyte 
volume (1/p) 



V, 

(ml) 


C 2 S 2 

(g h 2 so 4 / 

100 ml) 


c 2 

(g/ml 3 ) 


s 2 

(% H 2 S0 4 
by wt) 


V F 

(ml) 


1624 


16.75 


15.56 


1.076 


1509 


3000 


25.5 


22.85 


1.112 


2885 


4000 


28.0 


24.54 


1.127 


3885 


5000 


29.4 


25.93 


1.134 


4885 


Si = 


1.2104, C, = 29, Ci Si 


= 35.102, W A 


= 317.22 





1.19 Effect of cell layout in batteries 
on battery characteristics 

Consider a series of m 2-V cells connected in series, 
each cell having an e.m.f. of E c volts, an internal 
electrical resistance of R c = 0. 1 and producing a 

current of / c amps: 

Total e.m.f., Ej = mE c (1.91) 

Total internal resistance, Rj = mR c (1.92) 

Et mE c E c 

Total current, lj = = — (1.93) 

R t mR c R z 



Table 1.9 Battery characteristics: cells in series 



m 


Et 

(V) 


Rj 

(Q) 


h 

(Et/Rt) 

(A) 


Heating (Joule) 
effect * 
(cal/r s) 


Power 

(W) 


3 


6 


0.3 


20 


28.7 


120 


6 


12 


0.6 


20 


57.4 


240 


9 


18 


0.9 


20 


86.1 


360 



' x ! 
4.18 



where t = 1 



Suppose now that these cells are arranged in parallel. 
If the internal resistance of each cell is denoted by 
R 0 = 0.1 n, its e.m.f. by E c = 2 V and its current by 
7 C amps, then for n 2-V cells in parallel, 

E t (total e.m.f.) = E c = 2 V 



(i.e. Et = RJn) and 
Ej 

Current = — 

/?T 



If n — 3, 6 and 9 cells in parallel, the correspond- 
ing characteristics are as shown in Table 1.10. Thus, 
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Table 1.10 Battery characteristics: cells in parallel 



n Ey 

(V) 


Ry 

(A) 


It 

(Ey/Ry) 

(A) 


Healing 
(Joule) 
effect* 
(cal/l s) 


Power 

(W) 


3 2 


G. 1/3 = 0.0330 


60.0 


28.4 


120 


6 2 


0.1/6 = 0.0167 


119.8 


57.3 


239.6 


9 2 


0.1/9 = 0.0111 


180.2 


86.2 


360.4 


* /j X Rj X 
4.18 


- , where t — 1 









Consider next a series of m such cells in series. The 
total e.m.f. (Ey), internal electrical resistance (Ry), 
current (/ T ) and ampere hour capacity ( C ) of this 
arrangement are as follows: 



Ej = mE c 
Rj = mR c 

mE c Er 



h = 



mR c 



Rc 



mE c 

Cj = ml c = — — = mly h 
R. 



(1.91) 

(1.92) 

(1.93) 
(1.95) 



for an arrangement of nine 2-V cells each with a total 
internal electrical resistance of 0.1 fi, if all the cells are 
arranged in series a current of 20 A is delivered at 18 V, 
whereas if all the cells are arranged in parallel a current 
of 180 A is delivered at 2 V. With either cell arrange- 
ments, the heat producing capacity is 9.56cal/cell per 
second. In general, higher currents and lower internal 
resistances but lower potential differences result when 
cells are arranged in parallel to produce a battery. 

In practical battery arrangements, in order to obtain 
a compromise between the various characteristics 
required in the battery, it is common practice to adopt a 
layout that combines batteries in parallel and in series. 
Thus, a 48-cell 2-V battery might be arranged in any 
of the layouts of n files in parallel of m cells in series 
shown in Table 1.11. 



C T 

Duration of discharge = h 

mly 



(1.96) 



Consider now an arrangement consisting of n files 
in parallel of m cells in series, i.e. an m x n cell 
battery, in this example a 48-cell battery. The total 
e.m.f. (£tot), internal electrical resistance (/?tot)> cur- 
rent (/jot) and ampere hour capacity (C TO t) of this 
arrangement are as follows: 

£tot = mE^ (1.91) 

/ n x / 

R TOT mRc 

i.e. 

Rtot = —Rc (1.97) 

n 



Table 1.11 Practical battery arrangements 





Number of 
files (n) 


Number of batteries 
in each series (m) 


A 


1 


48 


B 


2 


24 


C 


3 


16 


D 


4 


12 


E 


6 


8 


F 


8 


6 


G 


12 


4 


H 


16 


3 


I 


24 


2 


J 


48 


1 



The battery characteristics that would result from 
these various cell arrangements are discussed below. 

Consider a single cell of e.m.f. E c and internal 
electrical resistance R s , with an ampere hour capacity 
of C c Ah and producing a current of I c amps. For this 
cell, 

E c 

/ C = -T (1.93) 

t\c 

and 

E c h 

Cc = I c h = -~ (1.94) 

Kc 

where h is the duration of the discharge in hours. 



I _ Ctot _ >'Ec _ rnE c 
Rtot Rc Rjot 
Ctot = m x I jo t x h 

i ^ c 
= mnh — 

R c 

m 2 hEc 

Rtot 

mhEjQj 

Rtot 

The duration of discharge (in hours) is 

Ctot x R c _ Ctot x Rtot 
m x m x Ec m 2 x E c 

_ C tot x Rtot 
mEyOT 
_ Ctot 
ml tot 



(1.98) 



(1.99) 



( 1 . 100 ) 



Using these equations it is now possible to calcu- 
late for any arrangement of n files in parallel of 
in cells in series the values of Etot> //tot, /tot. 
Ctot, the Joule heating effect and the wattage if val- 
ues are assumed for the following characteristics of 
each individual cell in the arrangement: E c = 2 V, 
internal electrical resistance (/f c ) = 0.1 S2/cell, dura- 
tion of discharge = 4 h. These results are given in 
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I mln)R z 

^ext Number of cells 

1 2 3 4 6 8 12 16 24 48 in series, m 
48 24 16 12 8 6 4 3 2 1 Number of strings 

of cells, n 




\ 



Number of cells in series, m 
1 2 3 4 6 8 12 16 24 48 
48 24 16 12 8 8 4 3 2 1 
Number of strings of cells, n 

mE c 

' T0J * |m/nlfl c + 

Assuming £ c = 2 V, 

Internal resistance per cell, R c “0.1 El 
External resistance, /? #xt = 0,05 
m = number of cells in series in each string 
n = number of strings in parallel 



I 



TOT 



2m 

min X 0.1 + 0.05 



/max ' s achieved when m is 4 to 6 and n is 12 to 8 



(b) 

Figure 1.14 Various configurations of 48 two-volt cells. Effect of 
configuration on e.m.f., current and electrical resistance 



Table 1.12 and Figures 1.14 and 1.15. Depending on 
the arrangement of forty-eight 80 ampere hour capa- 
city 2-V cells we can obtain a range of amperages and 
voltages ranging from 20 A at 96 V (48 cells in series) 



to 960 A at 2 V (48 cells in parallel). It can be seen 
from Table 1.12 and Figures 1.14 and 1.15 that if, for 
example, 24 V at 80 A is required then four strings in 
parallel of 12 cells are required, i.e. n = 4, m = 12. 
Duration of discharge. Joule heating and wattage are 
unaffected by cell arrangement. Internal electrical res- 
istance is highest when all the cells are in series and 
decreases dramatically as parallel arrangements of cells 
are introduced. The above calculations do not take 
into account the external electrical resistance of the 
battery. This factor is included in the methods of cal- 
culation discussed below. The choice of connection 
of cells in series or in parallel or a combination of 
both depends on the use to which the cells are to be 
put. For the best economy in electrical energy, as little 
as possible should be wasted as heat internally. This 
requires the internal resistance of the combination to 
be as small as possible compared to the external res- 
istance, and the cells are therefore grouped in parallel. 
For the quickest action, such as may be required in 
a circuit of high induction, for example an electro- 
magnet, the total resistance of the circuit should be as 
high as possible. The cells are therefore connected in 
series. 

To obtain the maximum current in a given external 
circuit the grouping of cells varies according to the 
particular value of the external resistance. The cal- 
culations below take into account both the internal 
electrical resistances (/? c ) of each cell and the external 
resistance of the whole battery (R CJ(t ). To obtain max- 
imum current, it is necessary to group the cells partly 
in series and partly in parallel, so that the combined 
internal electrical resistance of the combination is as 
nearly as possible equal to the external resistance. 

Consider the case where there are n files in parallel 
of m cells in series. Each cell has an internal resistance 
of R c and an e.m.f. of E c , the external resistance of the 
whole battery being R cn . The total number of cells, N, 
is given by: 

(V = nm 



and 



Total e.m.f., £jot = w/T c 



Total current, /tot = 



mE Q 

/?TOT + Rexl 



mE c 

m/nR c + Rcxi 



(1.91) 



(1.101) 



where R TO t is the total internal resistance, R CM is 
the total external resistance, and R c is the internal 
resistance of each of the mn cells in the battery. 
Eliminating m from this equation (m = N/n), 



NnEc 

/TOT “ NR C + /? ex ,n 2 



( 1 . 102 ) 
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Figure 1.15 Various configurations of 48 two-volt cells. Effect of configuration on e.m.f., current and electrical resistance 



Table 1.12 Characteristics of series-parallel multi-cell batteries (48-cell) 



Number of 
strings of 
cells in 
parallel (n) 


Cells in 
series in 
each string 
im) 


m 

n 


Internal 

resistance, 

f?TOT 

(Q) 


E tot 
(V) 


/tot 

(A) 


Ctot 

/ m/iEtot V 
\ ft tot / 
(Ah) 


Duration of 
discharge, h 
(h) 


Joule heating 

( ^TOT^TOT ) 

1 4 - 18 ) 
(cal/s) 


Power 

(£tot x /tot) 
(W) 


1 


48 


48 


4.8 


96 


20 


3840 


4 


459 


1920 


2 


24 


12 


1.2 


48 


40 


3840 


4 


459 


1920 


3 


16 


5.33 


0.533 


32 


60 


3840 


4 


459 


1920 


4 


12 


3.00 


0.300 


24 


80 


3840 


4 


459 


1920 


6 


8 


1.33 


0.133 


16 


120 


3840 


4 


459 


1920 


8 


6 


0.75 


0.075 


12 


160 


3840 


4 


459 


1920 


12 


4 


0.33 


0.033 


S 


240 


3840 


4 


459 


1920 


16 


3 


0.19 


0.019 


6 


320 


3840 


4 


459 


1920 


24 


2 


0.083 


0.0083 


4 


480 


3840 


4 


459 


1920 


48 


1 


0.021 


0.0021 


2 


960 


3840 


4 


459 


1920 



*h = 4h discharge per cell 



For a maximum value of / T ot (i.e. / ma x), forming the 
expression: d/ T0 T/d« and equating to zero, we find that 

NnE c ^ 

NR C +R e ^) 
cl n dm 

= NR c -R^n 2 =0 (1.103) 

Hence 
NR C = R^ s n 2 

and 

,nR c 

— A cxt 

n 




but 

= V?tot (1.104) 

n 

where /?tot is the total internal resistance of the group 
of n x m cells. Hence 

ft tot = ftcxt (1.105) 

Thus, to obtain the maximum current (I m3X ) from a 
group of m x n cells, the external resistance, R cxu for 
the group of cells should be equal to the combined 
internal resistance (R TO t = ( m/n)R c ) of the group of 
N cells. 
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As 



NnE c 



h'R c 4- /? cxt n 2 
inR c 
n 



= /tot 
= Rexl 



/max 



NnE c 

NR c + R cxt n 2 



nE c 

2R~c 



( 1 . 102 ) 

(1.104) 



As the maximum current, / max , is obtained when 
( min )R C = R cxt it is possible to obtain 7 max graphically 
by plotting 




Rail 



or, better: 
m 

-Rc 

t'CXt 



mE Q 

2/?cxt 



(1.106) 



If we consider the example of a battery comprising 
48 two-volt cells (i.e. N = 48), each cell having an 
e.m.f., E c , of 2 V, it is required to calculate the number, 
n, of files in parallel of m cells in series to achieve the 
maximum current, 7 max , from the battery. It is assumed 
that the battery has a total external electrical resistance, 
/? exl , of 0.05 Q and that the internal resistance per cell, 
R c , is 0.1 £2, i.e. the total internal resistance of a 48- 
cell battery is Rjot ml n x 0.1. The total internal plus 
external resistance of the battery is R = ( mJn)R Q + 
R cl it£2. Considering all the possibilities between m = 
48, n = 1, i.e. 48 cells in series, and m = 1, n = 48, 
i.e. 48 cells in parallel, and all possible configurations 
of cells between these limits, it is possible to calculate 
the total current, 7tot> produced by the battery: 

mEr 

/tot = Jn (1.101) 

— /?c + Rex. t 

n 



against the calculated value of 7 TO t and to read off the 
maximum current, 7 max , corresponding to 




Ral 



-Rc 

Iog^— =0 
Rex t 



The data for the above battery are tabulated in 
Tables 1.13 and 1.14 and plotted in Figure 1.16. It 
can be seen clearly from the log plot in Figure 1.17 
that a maximum achievable current of 96 A will be 
obtained from a battery comprising 12 strings of four 
cells in series (i.e. n = 12, m = 4), or eight strings of 
six cells in series (i.e. n = 8, m = 6). If currents other 
than the maximum are required, the values of n and 
m required to achieve these currents can be deduced 
from Figure 1.17. The other characteristics of these 
two battery configurations are shown in Table 1.15. 




Figure 1.16 48-cell 2 V/cell lead-acid battery. Demonstration that maximum internal resistance of battery, (m/n)R c equals total external 
resistance (R e xt), i.e. (m/n)R c = R eia or mR c /nR rat = I 
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Table 1.13 Demonstrating that maximum current is obtained when total internal resistance of battery equals total external resistance 



Internal resistance per cell, R c = 0.01 Q 
External resistance of battery, /? ext = 0.05 £2 
Voltage per cell, E c = 2 V 
Duration of discharge of each cell, h = 4h 
Number of strings of 



cells, n 


1 


2 


3 


4 


Number of cells in series 
per string, m 


48 


24 


16 


12 


min 


48 


12 


5.333 


3.000 


C m/n)R c {a ) 


4.800 


1.200 


0.533 


0.300 


//tot = ( m/n)R c + /? exl 


4.850 


1.250 


0.583 


0.350 


(mln)R c a 

//ext ~ 0.05 


96 


24 


16 


6 


logff'^M 
V «ex 1 ) 


1.982 


1.380 


1.028 


0.778 


Ej OT = mE c 
Current, / tot 


96 


48 


32 


23 


mE c 

= (A) 

(m/n)R c x R cm 


19.79 


38.40 


54.89 


68.57 


Capacity, Cjo"; 










= m '' £T0T (Ah) 
//tot 


3800 


3686 


3512 


3291 



6 


8 


12 


16 


24 


48 


8 


6 


4 


3 


2 


1 


1.330 


0.750 


0.330 


0.190 


0.083 


0.021 


0.133 


0.075 


0.033 


0.019 


0.0083 


0.0021 


0.183 


0.125 


0.083 


0.069 


0.0583 


0.0521 


2.66 


1.50 


0.660 


0.380 


0.167 


0.042 


0.425 


0.176 


-0.180 


-0.420 


-0.778 


-1.377 


16 


12 


8 


6 


4 


2 


87.43 


96.00 


96.03 


86.95 


68.61 


38.39 


2798 


2304 


1537 


1043 


549 


153 



Table 1.14 Effect of cell configuration on e.m.f. and current achieved in arrangements of 48 two-volt cells 



Internal resistance per cell, /f c = 0.1 
External resistance, R ext = 0.05 £2 
Voltage per cell, 2 V 
Number of strings of 



cells, n 


1 


2 


3 


4 


6 


8 


12 


16 


24 


48 


Number of cells in series 






















per string, m 


48 


24 


16 


12 


8 


6 


4 


3 


2 


1 


min 


48 


12 


5.333 


3.000 


1.330 


0.750 


0.330 


0.190 


0.083 


0.021 


log min 
Current, /jot 


1.681 


1.072 


0.727 


0.477 


0.124 


-0.125 


-0.523 


-0.721 


-1.081 


-1.678 


mE c ^ 

(m/r)R c + R cn 


19.79 


38.40 


54.89 


68.57 


87.43 


96.00 


96.03 


86.95 


68.61 


38.39 


Total resistance, /?, 
= (mln)R c + //ext 


4.850 


1.250 


0.583 


0.350 


0.183 


0.125 


0.083 


0.069 


0.583 


0.0521 


Voltage, V = /jot x /? 


96 


48 


32 


24 


16 


12 


8 


6 


4 


2 


Wattage, V x /jot 
Joule heating 


1899 


1843 


1756 


1645 


1400 


1152 


768 


522 


274 


76.8 


/tot x // 

- TOT cal/s 

4.18 


454 


440 


420 


393 


335 


275 


183 


124.8 


64.9 


18.4 


Current* as % of / raax 






















/tot x 100 


18.8 


36.6 


52.2 


65.3 


83.3 


91.4 


91.4 


82.8 


65.3 


36.6 



/max 
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1 2 3 4 8 6 12 16 24 48 m 

Figure 1.17 Various configurations of 48 two-volt lead-acid cells 
in series and parallel. Effect of configuration on current, voltage 
and total electrical resistance. Internal resistance, R c = 0.1 t2/cell. 
Total external electrical resistance (flext) = 0.05 S2 



Table 1.15 Characteristics of two battery configurations 





12 strings 


8 strings 




of 4 cells'* 


of 6 cells' 


^rriax (A) 


96 


96 


mE c 

( m/n)R c + Rex i 






External resistance, R cxt (Q) 


0.05 


0.05 


Internal resistance, Rjot 
= (m/n)R c (Q) 

Total resistance, Rtot 


0.0333 


0.075 


= Rex t + ( m/n)R c (n ) 


0.0833 


0.125 


Voltage, £tOT =/maxRTOT (V) 


8 


12 


Wattage, V x / max 


768 


1152 


Joule heating, (cal/s) 


183.6 


275.6 


mhEi m 

Ah capacity, (Ah) 

Rtot 


1536 


2304 


(where h = duration of discharge of each cell = 


4 h) 



* = 12, m = 4, N = 48 
hz = 8. m = 6, N = 48 



It is seen that, with a set of 48 two-volt cells, to 
obtain near maximum current we have a choice of 
using 12 strings of four cells in series or eight strings 



of six cells in series. Both supply a maximum current 
of 96 A, the former at 8 V and the latter at 12 V. The 
higher e.m.f. battery has a higher available wattage 
and a greater Joule heating effect in parallel with its 
greater internal and total electrical resistance. There is 
more available capacity from the battery configuration 
comprising longer strings of cells in series, i.e. higher 
values of m (Table 1.13). If a voltage greater or less 
than 12 V is required, two choices are available: 

1 . Arrange the configuration of cells such that a higher 
(or lower) voltage is obtained at the cost of not 
operating at maximum current producing efficiency. 

2. Increase (or decrease) the total number of cells in 
the battery. 

1.19.1 Operation at lower current efficiency 

As shown in Figure 1.17, the maximum current that 
could be expected for a battery consisting of 48 two- 
volt cells with an internal resistance, R c , of 0.1 fl/ccll 
and a total external resistance, R exl , of 0.10 Q is 
105 A. Because of the practical difficulties of arrang- 
ing 48 cells in series-parallel, the maximum current 
achieved was 96 A (i.e. 91.4% of theoretical maxi- 
mum) at 8 V (12 strings of four cells) or at 12 V (eight 
strings of six cells). Table 1.14 shows the currents and 
voltages that would be achieved with a wide range of 
other cell configurations for a 48-cell battery. 

It is seen (Figure 1.17) that, depending on cell con- 
figuration, voltages between 96 V and 2 V can be 
obtained. When the voltage is 96 V, the current pro- 
duced is only about 19% of the maximum value of 
96 A that can be obtained as discussed above. Con- 
versely, when the voltage is 2 V only 37% of the 
maximum current is produced. Figure 1.17 indicates 
that intermediate voltages, say 24 V, can be obtained 
with not too serious a loss of current from the maxi- 
mum. There is a steady decrease in wattage available 
in going from an all-series battery (1899W) to an all- 
parallel battery (76.8 W). Joule heating and wattage 
decrease in the same order (Figure 1.18). 

1.19.2 Change in number of cells in a battery 

It has been shown that, for a battery consisting of 48 
two-volt cells (internal resistance, R c =0.1 C/cell and 
total external resistance of battery, R exl = 0.05 £2), the 
maximum achievable current (/ max ) of 96 A (105 A the- 
oretical) is obtained with 12 strings of four cells in 
series or eight strings of six cells in series. The volt- 
ages, respectively, of these two — 1 cell configurations 
are 8 V and 12 V. The following treatment applies if it 
is required to obtain the maximum current at a higher 
(or lower) voltage, or a higher maximum current at the 
same voltage. 

If the required battery voltage is 96 V, then, clearly, 
a basic configuration of 48 two-volt cells (i.e. m = 48) 
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Figure 1.18 Various configurations of 48 two-volt lead-acid cells 
in series and parallel. Effect of configuration on Joule heating and 
wattage 
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Figure 1.19 Selection of number of strings Ip) of 48 two-volt 
cells in series to produce a required current (/ t ot) at 96 V. 
Internal resistance (R c ) per cell = 0.1 £2. External resistance per 
cell = 0.05 Q per 48 cells, i.e. 0.05 mn/48 fi/cell 



in series is required to produce this voltage. The 
greater the number of strings of 48 in series connected 
together the greater will be the current. It remains 
to calculate the number of strings needed to produce 
the required current. The results in Table 1.16 and 
Figure 1.19 clearly illustrate the method of obtaining 
the number of strings in parallel of 48 cells in series 
to achieve any required current in the range 20- 100 A 
at 96 V. It is interesting to note that the maximum 
current (/ max ) of 98 A and also the maximum capacity 
of 18 797 Ah (Table 1.16) would be obtained with 
10 strings in parallel of 48 cells in series. 

This is in agreement with the statement in Equation 
1.104 that maximum current is achieved when total 
internal resistance of m x n cells equals total external 
resistance of battery, i.e. 
m 

Rc = Rcxl 
n 

If R c = 0.01 fi/cell, /? cxt is 0.5 fi per 48 cells, i.e. 

0. 05 x m x n 

fi per m x n cells 

48 v 

Then 

m 0.05 x m x n 
CLU " 48 

1. e. 

"-/(irnW )* 10 

i.e. 10 files of 48 cells in series. 

By these methods, it is possible to design the layout 
of a battery to produce any required combination of 
current and voltage. 

In all the above calculations, for simplicity, standard 
values have been chosen for the internal resistance per 
cell, R c , and the total external resistance of the bat- 
tery, /?„,. In fact, of course, the particular values of 
the parameters that the battery designer is presented 
with will affect battery performance parameters such 
as current obtainable, wattage, joule heating and avail- 
able A h capacity. The effect of variations of resist- 
ance parameters on battery performance will now be 
examined. 

Tables 1.17 and 1.18, respectively, calculate the 
total internal plus external resistance (/?tot) and cur- 
rents and capacities obtained for an 8 V configuration 
of n = 12 strings, in parallel, of m = 4 cells in series, 
and a 24 V configuration of n = 4 strings of m = 12 
cells in series. For any particular fixed value of the 
external resistance, R exl , of the battery an increase of 
the internal resistance per cell, R c , decreases the cur- 
rent available and capacity and also the Joule heating 
effect and wattage. The same comments apply when 
the internal resistance is fixed and the external resist- 
ance is increased. 

In general, current available and capacity decrease 
as the total electrical resistance (m/n)R c + R cn is 
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Table 1.16 Selection of number (n) of strings of 48 two-volt cells in series (m = 48) to produce a required current (/jot) at 96 V 



m 


n 


nm 


min 


•Kext 

(O) 


RinS 

(Q) 


Atot* 

(Q) 


^int^ext ^ 


7tot’” 

(A) 


Capacity ''f 
(Ah) 


48 


i 


48 


48 


0.05 


4.8 


4.85 


96 


19.79 


3 800 


48 


2 


96 


24 


0.1 


2.4 


2.5 


24 


38.4 


7373 


48 


3 


144 


16 


0.15 


1.6 


1.75 


10.66 


54.8 


10522 


48 


4 


192 


12 


0.2 


1.2 


1.4 


6 


68.6 


13 171 


48 


5 


240 


9.6 


0.25 


0.96 


1.21 


3.84 


79.3 


15 225 


48 


6 


288 


8 


0.30 


0.8 


1.10 


2.67 


87.3 


16761 


48 


7 


336 


6.86 


0.35 


0.686 


1.036 


1.96 


92.7 


17 798 


48 


8 


384 


6 


0.4 


0.6 


1.00 


1.5 


96 


18432 


48 


9 


432 


5.33 


0.45 


0.533 


0.983 


1.184 


97.9 


18 797 


48 


10 


480 


4.8 


0.50 


0.48 


0.98 


0.96 


97.9 


18 797 


48 


20 


960 


2.4 


1.0 


0.24 


1.24 


0.24 


77.4 


14861 


48 


30 


1440 


1.6 


1.5 


0.16 


1.66 


0.107 


57.8 


11098 


48 


40 


1920 


1.2 


2.0 


0.12 


2.12 


0.06 


45.3 


8 698 


48 


50 


2400 


0.96 


2.5 


0.096 


2.596 


0.0384 


37.0 


7104 


48 


60 


2880 


0.8 


3.0 


0.08 


3.08 


0.0267 


31.1 


5 971 


48 


70 


3360 


0.686 


3.5 


0.0686 


3.568 


0.0196 


26.9 


5 165 


48 


80 


3840 


0.6 


4.0 


0.06 


4.06 


0.015 


23.6 


4531 


48 


90 


4320 


0.533 


4.5 


0.0533 


4.53 


0.01 1 8 


21.2 


4070 


48 


100 


4800 


0.48 


5.0 


0.048 


5.048 


0.0096 


19.0 


3 648 


48 


110 


5280 


0.436 


5.5 


0.0436 


5.544 


0.007 93 


17.3 


3 322 


48 


120 


5760 


0.4 


6.0 


0.04 


6.04 


0.00666 


15.9 


3053 


48 


130 


6240 


0.369 


6.5 


0.0369 


6.537 


0.00567 


14.7 


2 822 


48 


140 


6720 


0.343 


7.0 


0.0343 


7.034 


0.0049 


13.6 


2611 


48 


150 


7200 


0.32 


7.5 


0.032 


7.532 


0.00426 


12.7 


2 438 


48 


160 


7680 


0.3 


8.0 


0.03 


8.03 


0.00375 


11.9 


2285 



Internal resistance per cell, R c = 0.1 



* External resistance per inn cells, R exl = 0.05 £3/48 cells 



0.05 nm 
48 



Sllnm cells 



* Total internal resistance, R ml = ( mln)R c 



* Total resistance, Rtoi = ( m/n)R c + /? ex t 
(mJn )R C 
R*x t 



** Total current, /tot — 



mE c 

(m/n)R c 4-/2c Xl 



_t Capacity = 



mhEjQj 

Rjot 



48 x 4 x 96 
Rtot 



where h = duration of discharge of a single cell = 4 h 



increased. Figure 1 .20 shows the expected linear rela- 
tionship between current and the reciprocal of the 
electrical resistance and Figure 1.21 shows the resist- 
ance-capacity relationships. Naturally, these relation- 
ships change as the configuration of the 48 cells is 
changed. 

It is obviously desirable from the point of view of 
maximizing current production when designing batter- 
ies to take every possible step to keep internal and 
external electrical resistances to a minimum as far as 



this is compatible with other aspects of battery design 
such as maintaining the mechanical strength of com- 
ponents. 

1 .20 Calculation of energy density of 
cells 

It has been shown (Section 1.17) that, in a lead-acid 
battery discharge of 1 mol of each of lead and lead 
dioxide from an initial sulphuric acid concentration of 
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Table 1.17 Effect of internal, external and total electrical resistance on available current from a 48 two-volt (E c ) cell battery (8 V) 
comprising 12 strings of four cells in series 



min 




0.333 




0.333 






0.333 


R cxl (total for battery) (£2) 




0.1 




0.5 






2 


















R c , internal resistance/cell (£2) 


0.1 


0.2 


0.1 


0.2 


0.5 


0.2 


0.5 


Rtot = ( m/n)R c + R cxl 


0.1333 


0.1666 


0.5333 


0.5666 


0.6665 


2.0666 


2.1665 


//Rtot 


7.50 


6.00 


1.87 


1.76 


1.50 


0.484 


0.461 


ZJtot = mE c 


8 


8 


8 


8 


8 


8 


8 


mE c 

Current, 7 T ot (A) 

(min )R C + /? cxt 


60 


48 


15 


14.1 


12 


3.87 


3.69 


Joule effect, ^ C ' T , Q T ° T (cal/s) 
4.18 


114.8 


91.8 


28.7 


26.9 


22.9 


7.40 


6.87 


Wattage, /tot x £tot (W) 


480 


384 


1.20 


112.8 


96 


31.0 


29.5 


m x h x Etot 

Capacity, (Ah) 

Rtot 


960 


768 


240 


225 


192 


61.9 


59.0 



Table 1.18 Effect of internal, external and total electrical resistance on available current from a 48 two-volt ( E c ) battery (24 V) comprising 
four strings of twelve cells in series 



m/n 




3.000 




3.000 




3.000 


R CXI (total for battery) (£2) 




0.1 




0.5 






2 


















R c , internal resistance per cell (£2) 


0.1 


0.2 


0.1 


0.2 


0.5 


0.2 


0.5 


•Rtot = (min )R C + E ex t 


0.400 


0.700 


0.800 


1.100 


2.000 


3.600 


4.500 


1 1 Rtot 


2.50 


1.42 


1.25 


0.909 


0.500 


0.277 


0.222 


Etot = mE c (V) 


24 


24 


24 


24 


24 


24 


24 


mE c 

/jot = (A) 

( m /n)« c +« exl 


60 


34.3 


30 


21.8 


12.0 


6.7 


5.3 


Joule effect, — ~ X ^ T0T ( C aL/s) 
4.18 


344.4 


197.0 


172.2 


125.0 


68.9 


38.7 


30.2 


Wattage, /tot x £tot (V A) 


1440 


823 


720 


523 


288 


160.8 


127.2 


Capacity, m/,£l0T (Ah) 
Rtot 


2880 


1646 


1440 


1046 


576 


321 


254 



29% by weight to a final concentration of 21% by 
weight, 53.9 Ah are produced when the cell temper- 
ature is 25°C, i.e. capacity = 53.9 Ah at a voltage of 
about 2 V. Thus 107.8 Wh are produced. The weights 
in grams of active materials involved are as follows: 



Lead 207.2 

Lead dioxide 223.2 

Sulphuric acid 196.0 



Total active material 626.4 g 



Thus the gravimetric energy density in W h/kg of 
active material is: 

107.8 x 1000 

= 172 (or 250.5 if electrolyte is excluded) 

626.4 

This can be considered to be the maximum theoreti- 
cal energy density of the lead-acid battery. In practice. 



24 V battery 8 V battery 




Reciprocal electrical resistance, l/fl TOT 

Figure 1.20 Plot of reciprocal of total electrical resistance MR jot 
versus current, / T qt 
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Total internal electrical resistance, fl T0T 02) 

Figure 1.21 Effect of total internal electrical resistance, R T ot. of 
battery on available A h capacity, Ctot 

of course, the acid is dilute, not concentrated, and this 
adds to the cell weight, as does the weight of the lead 
supporting grids for the active material, the terminal 
posts, connecting bars, etc. The weight of the cell case 
and, if multi-cell batteries are being considered, the 
weight of the outer battery case must also be consid- 
ered. The practical energy density of the battery is thus 
considerably less than the calculated theoretical value. 
Part of the technology of battery designing is to keep 
extraneous weight to a minimum, thereby increasing 
the energy density of the battery. 

The alternative method of expressing energy den- 
sity, which is applicable when the space occupied by 
a battery rather than its weight is the prime consider- 
ation, is in W h/dm 3 . 

1 .21 Effect of discharge rate on 
performance characteristics 

Consider a 20 Ah lead- acid battery' being completely 
discharged at the 20 h rate. This battery will deliver 
20 A for 1 h at a voltage of 1.7 V. If the battery is 
completely discharged more rapidly, say during 1 min, 
it will deliver a higher current for 1 min (1/60 h) 
at a lower voltage (1.2 V). Under these more rapid 
discharge conditions, its available capacity is 8 Ah. 
The discharge current is 60 x 8 = 480 A. 

The data in Table 1.19 give an analysis of the effect 
of discharge rate on energy density, capacity and heat 
evolution occurring during discharge. 

It is seen that, in parallel with the reduced available 
capacity (3) at the higher discharge rate, there occurs a 
reduction in coulombs delivered (5) and energy density 
(10). The loss in available capacity and energy density 
at higher discharge rates is due to the inability of 
the cell reaction to keep pace with the demand for 
current, principally caused by the inability of fresh 
electrolyte from the bulk of the cell to quickly replace 
the depleted electrolyte at the surface of and within the 
plates. Although the total heat evolution (ohmic plus 
chemical (14)) during the rapid discharge is lower, it 
is seen (15) that the number of calories produced per 



second during the rapid discharge is about 30 times 
greater than at the lower discharge rate. 

1.21.1 Effect of discharge rate on capacity, 
energy density, Joule heating current, voltage 
and resistance 

Figure 1.22 shows a family of voltage-time curves 
obtained by discharging a 2 V lead-acid battery 
at various discharge currents between 1 and 10 A. 
Figure 1.23 shows the fall-off in available capacity 
that occurs as the discharge current is increased. 
Table 1.20 tabulates all basic data for this set of 
discharges. Figures 1.24-1.29 show the effect of 
the duration of the discharge on discharge current 
and end-point voltage (Figure 1 .24), discharge current 
and Ah capacity (Figure 1.25), electrical resistance 
and discharge current (Figure 1.26), energy density 
(Wh/kg) and discharge current (Figure 1.27), energy 
density (Wh/kg) and Ah capacity (Figure 1.28) 
and energy density (Wh/kg) and end-point e.m.f. 
(Figure 1.29). 

Figures 1.24 and 1.25 illustrate the optimum dis- 
charge time of 2.4 min for this cell which delivers 
430 A at 1.44 V and has an available capacity of 
17.2 Ah. In general, curves of this type enable one 




Discharge 

lime 

(min) 


Discharge 
rate * 
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current 
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(V) 
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Figure 1.22 


Discharge curves of a 2 V lead-acid battery at various 


discharge rates 
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Table 1.19 Effect of discharge rate on energy density and other parameters 









1 h 


1 min 








discharge 


discharge 


1 . Duration of discharge (min) 




60 


1 


2. Voltage. E (V) 




1.7 


1.2 


3. Capacity (Ah) 




20 


8 


4. Discharge current (A) 




20 


480 


5. Coulombs delivered during discharge 


72000/h 


28 800/min 


6. Volt coulombs 




122400 


34 560 


7. Watts (E x A) delivered during discharge 


34/h 


576/min 


8. Watts delivered per second 




0.00944 


9.6 


9. Watt hours delivered during discharge 


34 


9.6 


10. Practical energy density (Wh/kg) 


34 


9.6 


11. Ohmic (Joule) heating during discharge (cal) 


29282/h 


826S/min 


X 

X 


seconds 








4.18 








X 

Cc 

X 


seconds 








4.18 








12. Internal resistance, EIA (£2) 




0.085 


0.0025 


13. Heat content change of cell reaction during 






discharge (negative sign = heat evolved) 






—n F 

AH = 

4.18 


['-(Si)] 


cal 


-75 053/h 


—52 890/min 


(see Equation 


1.20) (assuming 






dEldT = 0.00025, n = 2, F 


= 96 500 C, 






T = 25 T (298 K)) 








14. Total heat evolution during discharge. 






J + AH cal 






104 335/h 


60390/min 


15. Heat evolution (cal/s) 




29 


1006 



Table 1.20 Discharges of 2 V lead-acid battery at different rates-basic data 



t (min) 






30 


20 


10 


4 


2 


1 


E (V) 






1.6 


1.59 


1.56 


1.51 


1.41 


1.26 


Capacity (Ah) 






30 


30 


25 


20 


16 


10 


Current (A) 






60 


90.09 


149.70 


299.85 


480.48 


602.41 


Coulombs 






108 000 


108 108 


89 820 


71 964 


57 658 


36 144 


Volt coulombs 






172 800 


171892 


140119 


108666 


81 298 


45541 


Watts 






96.0 


143.2 


233.5 


452.8 


677.4 


759.0 


Watts/second 






0.0533 


0.1193 


0.3892 


1.8867 


5.6450 


1.2650 


Watt hours 






48.00 


47.72 


38.92 


30.18 


22.58 


12.66 


Energy density (Wh/kg) 




48.00 


47.72 


38.92 


30.18 


22.58 


12.66 


Joule (ohmic) heating 




41 340 


41 110 


33517 


25 998 


19447 


10 895 


R = E/A(Q) 






0.0267 


0.0176 


0.0104 


0.005 03 


0.002 93 


0.002 09 


-3600 C 

AH = 

4.18 


E-T | 


( d£ \ " 

\M) P 


-39415 


-39 157 


-31 982 


-24 722 


-18400 


-10 208 


Joule + AH 
Heat/second 






80755 


80 267 


65 499 


50 720 


37 847 


21 103 


Total 






44.86 


66.90 


109.16 


211.33 


315.39 


351.71 


Joule 






22.97 


34.25 


55.86 


108.32 


162.06 


181.58 


AH 






21.89 


32.63 


53.30 


103.00 


153.3 


170.13 


AH as % of total 






48.8 


48.8 


48.8 


48.7 


48.6 


48.4 


Joule as % of total 




51.2 


51.2 


51.2 


51.3 


51.4 


51.6 
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to select the desired combination of the various para- 
meters that would be required in battery service. 

Figures 1.27-1.29 illustrate the interrelationship of 
discharge time with discharge current, end-point e.m.f., 
Ah capacity and energy density. Thus, if 2 min and 
30 min discharges are adopted, the effect of this on the 
above parameters would be as illustrated in Table 1.21. 
Information of this kind enables trade-offs to be made 
in the various aspects of battery performance. 

Another aspect of battery performance can be stud- 
ied by preparing plots of discharge current against 
end-point e.m.f. and electrical resistance (Figure 1.30) 
and Ah capacity and energy density (Figure 1.31). 

Again considering the effect of carrying out the 
discharge at two different currents 100 A and 600 A 
on battery operating parameters, we have the effects 
illustrated in Table 1.22. 




0 2 4 6 8 10 12 14 16 18 20 



Discharge rate (X C) 

Figure 1.23 2 V lead-acid battery: influence of discharge rate on 
capacity 



Voltage 




Discharge time (min) 



Figure 1.24 2 V lead-acid battery: relationships of discharge time 
with end-point e.m.f. and discharge current 



Capacity (A h) 




Discharge time (min) 



Figure 1.25 2 V lead-acid battery: relationship of discharge time 
with A h capacity and current 




Discharge time (min) 



Figure 1.26 2 V lead-acid battery: relationship of discharge time 
with electrical resistance and discharge current 




Discharge time (min) 



Figure 1.27 2 V lead-acid battery: relationship of discharge time 
with energy density and discharge current 




Heating effects in batteries 1/47 




30 

28 

26 

24 

22 

20 H 
18 < 

16 it 
14 0 

TO 

12 & 
10 ° 
8 
6 
4 
2 
0 



Figure 1.28 2 V lead-acid battery: relationship of discharge time 
with energy density and Ah capacity 




Discharge current (A! 



Figure 1.30 2 V lead-acid battery: relationship of discharge 
current with end-point e.m.f. and electrical resistance 




Figure 1.29 2 V lead-acid battery: relationship of discharge time 
with energy density and end-point e.m.f 



1 .22 Heating effects in batteries 

Four types of heating effect will be discussed: 



1. The chemical heating effects due to the heat of 
reaction of lead and lead dioxide with sulphuric acid 
during battery charging. This becomes a cooling 
effect when the battery is being discharged. 

Pb0 2 + Pb + 2I-I2SO4 = 2PbS0 4 + 2H 2 0 + 89 400 cal 



2PbS0 4 + 2.H 2 0 = Pb0 2 + Pb + 2H 2 SQ 4 - 89 400 cal 



This heating effect is identified with the heat con- 
tent change of the reaction (AH) which, according 
to Equation 1.20, is given by the following ex- 
pression: 



A//(cal) = 



-nF 

4.18 



£- T 




p . 




Discharge current (A) 



Figure 1.31 2V lead-acid battery: relationship of discharge 
current with Ah capacity and energy density 



Table 1.21 Effect of discharge time on operation parameters of a 
2 V lead-acid battery 



Discltarge 


Discharge 


End-point 


Capacity 


Energy 


time 


current 


e.m.f. 


(Ah) 


density 


(min) 


(A) 


(V) 




(W h/kg) 


2 


480 


1.41 


16 


22.5 


30 


60 


1.60 


30 


48 



-3600C 

4.18 





p. 



where C = Ah capacity of cell. Note that when 
heat is evolved, e.g. during the discharge of a 
lead-acid battery, AH has a negative value. 
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Table 1.22 Effect of discharge current on operating parameters 
of a 2 V lead-acid battery 



Discharge 


End-point 


Electrical 


Capacity 


Energy 


current 


e.m.f. 


resistance 


(Ah) 


density 


(A) 


(V) 






(W h/kg) 


100 


1.58 


0.0155 


29.7 


46.5 


600 


1.26 


0.002 


10.0 


12.5 



2. Chemical heating effect due to dissociation of water 
to hydrogen and oxygen towards the end of charge. 
This only applies to certain types of battery, e.g. 
lead-acid: 

H 2 + jC >2 = H 2 O + 57 410cal 

This type of heating occurs to an appreciable extent 
only when batteries are fully charged, i.e. on over- 
charge, and will not be discussed further. 

3. Ohmic heating effects due to Joule heating effects 
related to operating current and the electrical res- 
istance of the battery'. From Equation 1.86, 

111,,’ ^TOT X ^TOT x t 

Joule heating = cal It s 

e 4.18 

4. Localized heating effects due to tracking of current 
along low-conductivity paths on the top of the 
battery. 

1.22.1 Consideration of chemical (AH) and 
ohmic (Joule) heating effects in a lead -acid 
battery 

Information on the chemical and ohmic Joule heating 
effects during the discharge of a lead -acid battery is 
given in Table 1 .20, which tabulates the extent of those 
effects during the discharge at various rates of a 2V 
lead-acid battery. 

This information is summarized in Figures 1 .32 and 
1 .33 which, respectively plot discharge time and cur- 
rent versus the chemical (AH) and ohmic (Joule) 
contributions to the heat produced during a total dis- 
charge. It can be seen that, in this particular example, 
regardless of the discharge time, the chemical heat- 
ing effect is very similar to the ohmic heating effect. 
It should be noted that the above comments apply 
only to the total discharge of a lead-acid battery 
when both the chemical and Joule effects contribute 
to the production of heat. Obviously, during charge, 
the chemical effect is one of cooling (i.e. AH is pos- 
itive), whilst the Joule effect still leads to heating 
(Equation 1 .86 - Joule heating is positive whether cur- 
rent is being withdrawn during discharge (positive) 
or supplied during charge (negative), as the square 
of the current is used in the calculation of heat pro- 
duction). During the total battery charge in this par- 
ticular example, there is a small net heating effect of 
the battery as illustrated in Figure 1.34, which shows 




0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 

Discharge time (min) 



Figure 1.32 Discharge of a 2 V lead-acid battery: chemical (A H), 
ohmic (Joule) and net total (Joule + AH) heating effect 




0 100 200 300 400 500 600 700 



Discharge current (A) 

Figure 1.33 Discharge of a 2 V lead-acid battery: chemical (A H), 
ohmic (Joule) and net total (Joule + AH) heating effect 
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Charge time (min) 

Figure 1.34 Discharge of a 2 V lead-acid battery: chemical (AH), 
ohmic (Joule) and net total (Joule + AH) cooling effect 

heat evolution due to ohmic heating, heat absorption 
(cooling) due to the chemical reaction, and a net heat 
evolution due to the combined heating and cooling 
effects. 

It is assumed, in the above example of the charging 
of a lead-acid battery, that the charging currents 
used are the same as the discharge currents used in 
the battery discharge as quoted in Table 1.20, i.e. 
60-600 A during 30 s to 1 min charges or discharges. 
In fact, of course, during an actual battery charge, the 
charge currents and the duration of the charge may 
differ from these values and this will have an effect 
on chemical and ohmic heat evolution as discussed 
later. 

The heat data quoted in the examples cited are the 
total heat evolution or absorption occurring during 
a total charge or a total discharge, i.e. during the 
whole discharge or charge process. Calculations of 
this type enable the number of kilocalories produced 
to be calculated, and provide data on the amount of 
cooling that would be required if there is a likelihood 
of the battery developing excessive temperatures in 
use. Cooling can be achieved by correct spacing of 
batteries, natural or forced air cooling, water cooling 
(internal or external), or the use of cooling fins. 

An additional useful parameter which can be used 
when studying the heating effects of batteries in use 




Discharge time (min) 

602 480 300 150 90 60 

Discharge current (A) 

Figure 1.35 Discharge of a 2 Vlead-acid battery: heat production 
per unit time as a function of discharge time 

is the average number of calories produced per sec- 
ond during a charge or a discharge. During battery 
discharge this parameter is obviously dependent on 
the discharge time and discharge current. Greater heat- 
ing effects per unit time would be expected at higher 
discharge currents, i.e. lower discharge times. This is 
illustrated in Figures 1.35 and 1.36, which are prepared 
from data in Table 1.20 and plot average kilocalories 
per second for various discharge times between 1 and 
30 min (Figure 1.35) corresponding to discharge cur- 
rents between 602 and 60 A (Figure 1.36). It is seen 
that at the highest discharge rate quoted, i.e. 1 min 
discharge at 602 A between 0.3 and 0.4 kcal/s are pro- 
duced on average, throughout the discharge and this 
may well indicate that cell cooling is required during 
such rapid battery discharges. 

Discharge lime/heat evolution graphs 

In addition to heat evolved during a complete discharge 
and mean heat evolved per second, other battery 
parameters such as end-point volts, discharge current, 
Ah capacity, energy density and electrical resistance 
are plotted against discharge time of a 2V lead-acid 
battery (Figures 1.37-1.46). In Figures 1.47-1.54 
these same parameters are plotted against discharge 
current. 
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Discharge current (A) 

Figure 1.36 Dischargeof a2 V lead-acid battery: heat production 
per unit time as a function of discharge current 
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Figure 1 .38 Discharge of a 2 V lead-acid battery: heat production 
per unit time, and end-point voltage as a function of discharge 
time 





Figure 1.37 Discharge of a 2V lead-acid battery: heat evolved 
during whole discharge, and end-point volts as a function of 
discharge time 



Figure 1.39 Discharge of a 2V lead-acid battery: heat evolved 
during whole discharge, and discharge current as a function of 
discharge time 




Heating effects in batteries 1/51 




o 4 8 12 16 20 24 28 



Discharge time (min) 

602 480300 150 90 60 



Discharge current (A) 




Discharge time (min) 



602 480300 150 90 60 

Discharge current (A) 



Figure 1 .40 Discharge of a 2 V lead-acid battery: heat production Figure 1 .42 Discharge of a 2 V lead-acid battery: heat production 

per unit time, and discharge current as a function of discharge P er un ^ f |me ar, d Afr capacity as a function of discharge time 
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Figure 1.41 Discharge of a 2V lead -acid battery: heat evolved 
during whole discharge and A h capacity as a function of discharge 
time 
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Figure 1.43 Discharge of a 2 V lead-acid battery: heat evolved 
during whole discharge and energy density as a function of 
discharge time 
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Figure 1 .44 Discharge of a 2 V lead-acid battery: heat production 
per unit time and energy density as a function of discharge time 
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Figure 1 .46 Discharge of a 2 V lead-acid battery: heat production 
per unit time and cell electrical resistance as a function of 
discharge time 
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Figure 1.47 Discharge of a 2 V lead-acid battery: heat evolved 
during whole discharge and end-point voltage as a function of 
discharge current 



Figure 1.45 Discharge of a 2V lead-acid battery: heat evolved 
during whole discharge and cell electrical resistance as a function 
of discharge time 
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Figure 1.48 Discharge of a 2 V lead-acid battery, heat production Figure 1.50 Discharge of a 2 V lead -acid battery: heat production 

per unit time and end-point voltage as a function of discharge p er un jt time and A h capacity as a function of discharge current 
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Figure 1.49 Discharge of a 2 V lead-acid battery: heat evolved 
during whole discharge and A h capacity as a function of discharge 
current 

1.22.2 Effect of charging current and cell 
resistance on heat production in lead-acid 
batteries 

During the charging of a lead-acid battery two pro- 
cesses occur which are associated with the production 




Discharge current (A) 

Figure 1.51 Discharge of a 2V lead-acid battery: heat evolved 
during whole discharge and energy density as a function of 
discharge current 

or loss of heat. The heat content A// of the reaction 
of lead sulphate to produce lead and lead dioxide has 
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Figure 1 .54 Discharge of a 2 V lead-acid battery: heat production 
per unit time, and cell electrical resistance as a function of 
discharge current 



Figure 1.52 Discharge of a 2 V lead-acid battery: heat production 
per unit time and energy density as a function of discharge current 




Figure 1.53 Discharge of a 2V lead-acid battery: heat evolved 
during whole discharge, and cell electrical resistance as a function 
of discharge current 



a positive value indicating that heat is absorbed from 
the surroundings to enable this process to occur, i.e. 
the electrolyte cools down. The other processes, ohmic 
(Joule) heating, depending on the charging current and 



the resistance of the cell always has a positive value, 
i.e. heat is evolved. Whether a battery' cools down or 
heats up during charge depends on the relative magni- 
tude of these two opposite cooling and heating effects 
which, in turn, depend on the operating conditions dur- 
ing battery charge. 

The cooling effect is given by: 



AH = 



3600C 

4.18 







E-T 


Vdfy(, 



i.e.A H = 



3600 
4.18 x t 



E-T [ — 
d T 



cal/s 



The heating effect is given by: 
I 2 x Rx t 



J = 



4.18 



- cal during the charge time(t) 



I 2 R , 

i.e. AH = /s 

4.18 

where C is the capacity increase of battery dur- 
ing charge (Ah), E the thermodynamic cell e.m.f. at 
end of charge (assumed to be 2.01 V), (dE/dT) p the 
temperature coefficient of cell e.m.f. (assumed to be 
0.00025 V/°C), T the cell temperature (K), I the char- 
ging current (A), R the cell internal resistance (fi), and 
t the duration of charge (s). 

If J — AH is negative, the cell will cool down 
during charge. Conversely, if J — AH is positive, the 
cell will heat up during charge. 

In practical cell charging, there is an additional 
factor to be contended with, namely loss of calories by 
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convection and conduction to the surroundings when 
J — AH is positive and a gain of calories from the 
surroundings when J — AH is negative. This factor 
is ignored in the calculations that follow but is easily 
allowed for in any such calculations. 

Consider the case of a 2 V lead-acid battery that 
requires charging to 30 Ah at 20°C during 2h. The 
cooling effect is: 

3600 x 30 

AH = (2.01 - 293 x 0.00025) 

4.18 

= 50041 cal/2h 
= 6.950 cal/s 

The heating effect, J, will depend on the charging 
current and the cell resistance. If J — 6.950 is negative 
the cell will cool down; if J — 6.950 is positive the 
cell will heat up. Table 1.23 tabulates the heat losses or 
heat gains obtained with cells of four different assumed 
internal resistances, namely, 0.002, 0.005, 0.015 and 
0.027 £2, when charged at various currents between 
20 and 1000 A. Cell cooling, during charge, occurs 
only at relatively low charging currents of the order of 
20-50 A. Cell heating would not be a serious problem 
at charging currents under 200-300 A with cells in the 
0.002-0.027 £2 electrical resistance range, especially 
when the natural heat losses from the cell due to 
convection and conduction are taken into account. 

1.22.3 Localized heating effects in batteries 

Additional heating effects of a localized nature can 
arise in batteries due to low-resistance short-circuit 
conducting paths being formed between cells in bat- 
teries arranged in series. Figure 1.55 shows such an 
effect where the resistance between batteries A and B 
in series is denoted by R\ and the current by I\, and 



the resistance between two cells A and D in parallel is 
denoted by R 2 and the current by / 2 . Such conduction 
between cells can occur, for example, if free electrolyte 
has been spilt on the battery top, providing a low- 
resistance conducting path for the current. A particular 
example of this is batteries used in electric locomotives 
used in coal mines. Such batteries, in addition to free 
sulphuric weight, have coal dust on the battery tops. 
A slurry of coal dust in acid is a very good conductor 
and, as will be seen, such low-resistance conducting 
paths can conduct high currents and lead to localized 
high ohmic (Joule) heating effects on the battery top, 
which in certain circumstances can generate so much 
heat that battery ignition is a possibility. 




£ = /)/?, = I 7 R 2 
1- A + 1 2 

/. = / - — 

1 /?, + fl 2 

/?, 

2 /?, + r 7 

Figure 1.55 Distribution of current in a divided circuit on a battery 



Table 1.23 Heating and cooling effects during charge of 2 V lead-acid battery at 20’C. Influence of charge current and cell resistance 



Charging 

current 

(A) 






Assumed cell resistance (£2) 








0.002 




0.005 




0.015 




0.027 




Cell heating (+) 
or cooling (— ) 
(cal/s) 


e.m.f. 

change* 


Cell heating (+) 
or cooling (— ) 
(cal/s) 


e.m.f. 

change* 


Cell heating (+) 
or cooling (— ) 
(cal/s) 


e.ntf 
change * 


Cell heating (+) 
or cooling (— ) 
(cal/s) 


e.m.f. 

change* 


20 


-6.76 


0.04 


-6.47 


0.10 


-5.52 


0.3 


-4.37 


0.54 


50 


-5.76 


0.10 


-3.96 


0.25 


+2.02 


0.75 


+9.20 


1.35 


too 


-2.17 


0.20 


-5.01 


0.5 


+28.93 


1.5 


+57.64 


2.7 


200 


+ 12.17 


0.40 


+40.89 


1.0 


+ 136.57 


3.0 






300 


+36.07 


0.60 


+ 100.69 


1.5 










400 


+69.53 


0.80 


+ 184.41 


2.0 










500 


+ 112.55 


1.0 


+292.05 


2.5 










600 


+ 163.13 


1.2 














1000 


+471.05 


2.0 














1500 


+717.0 


3.0 















'Current x cell resistance 
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From Equation 1.86, the calories generated per sec- 
ond during the passage of a current of / amps through 
a resistance of R Q is given by 



I 2 R 

4T8 



cal/s 



Therefore, calories generated per second along con- 
ducting path AB (Figure 1.55) is 



4.18 4.18 \ if i + R 2 J 



(1.107) 



and calories generated per second along conducting 
path AD is 



4.18 4.18 V/?i +/?2/ 



(1.108) 



Consequently: 

cal/s along path AB R 2 

cal/s along path AD R 1 



(1.109) 



Using Equations 1.107 and 1.108 it is possible to 
calculate the calories per second generated along the 
two paths for any particular values of Hi, R 2 and 
current (/). 

Table 1.24 shows the heat productions along the two 
paths AB and AD when the current is 50 A, the internal 
resistance (Hi) is 0.1 C2 and the resistance between 
parallel strings of cells (H 2 ) is varied between 0.001 
and 0.1 £2. It can be seen that the lower resistance, AN, 
of the conducting path AD is relative to the resistance, 
Hi, of the path AB (i.e. the lower the value of H 2 /H 1 ), 
the greater is the proportion of the total heat evolution 
that is generated along path AD. This is demonstrated 
graphically in Figure 1.56. 

Figure 1 .57 illustrates the effect of increase of cur- 
rent flowing on heat production in a low-resistance 
(H 2 = 0.005 Q) conducting path in a battery. Because 
of the exponential nature of this curve, low-resistance 
conducting paths between cells could lead to the devel- 
opment of a thermal runaway situation with conse- 
quent risk of battery fires. It is essential, therefore, in 




Figure 1.56 Distribution of heat production in a divided circuit on 
a battery (current 50 A) 



the design and maintenance of batteries, to avoid the 
development of low-resistance paths between cells. 



1 .23 Spontaneous reaction in 
electrochemical cells 

Most electrochemical cells are based on the occurrence 
of a chemical reaction within the cell between the 
materials comprising the two electrodes. It may some- 
times be necessary to establish whether a particular 



Table 1.24 Localized ohmic heating effects on a battery top due to low-resistance intercell conducting paths (current, I = 50 A) 



Intercell 
resistance 
(cells in 
series ) 

(HiO) 


Intercell 
resistance 
( cells in 
parallel) 
(RiSi) 


H 2 /Hi 


Heat evolved 
corresponding to 
resistance (cal/s) 


Total heal 
evolved 
(cal/s) 
(path AB 
+ path AD) 


Heat generated 
along low-resistance 
path AD as % of 
total evolved 
(cal/s) 


RiQ 

(path AB) 


/?2 £2 

(path AD) 


0.1 


0.001 


0.01 


0.005 86 


0.586 


0.592 


98.9 


0.1 


0.002 


0.02 


0.0029 


1.148 


1.171 


98.0 


0.1 


0.005 


0.05 


0.135 


2.709 


2.844 


95.2 


0.1 


0.01 


0.1 


0.493 


4.939 


5.432 


90.9 


0.1 


0.05 


0.5 


6.632 


13.275 


19.907 


66.7 


0.1 


0.1 


1.0 


14.950 


14.950 


29.9 


50.0 
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Figure 1.57 Effect of current on distribution of heat production 
in a divided circuit on a battery: 0.005 Q lower resistance versus 
0.1 n higher resistance 

reaction would form the basis of an electrochemical 
cell. The following treatment enables calculations to 
be made to determine whether a given reaction will or 
will not occur spontaneously, i.e. whether it is theoret- 
ically possible. 

Consider the general equation 

aA + bB + . . . /L + m M + . . . 

and suppose that the reactants A, B, etc., and the 
products L, M, etc., are not necessarily present in 
their equilibrium amounts, but in any arbitrarily chosen 
state. The word ‘state' here refers essentially to the par- 
tial pressure or concentration of any substance present 
in the system; the temperature may be regarded as 
constant. If the molar free energies of the various sub- 
stances taking part in the reaction are F A , F B , . . ., F L , 
Fm, . . ., in these arbitrary states, then 

Free energy of products = IF B + mF*,\ + . . . 

Free energy of reactants = aF A + bF B 

The increase of free energy, A F, accompanying the 
reaction with the reactants and products in the specified 
states is the difference between these two quantities; 



hence, 

AF = (/Fl + mF m 4- . . .) - (uF,\ + bF B -4- . . .) (1.110) 



The molar free energy, F, of a substance in any state 
can be expressed in terms of its activity, a, in that state 
by means of Equation 1.1 10, which may be written as 

F = F°+FFlna (1.111) 

where F° is the molar free energy in the standard state 
of unit activity. 

If the values of F A , F B F L , F M ,..., in 

Equation 1.1 10 are replaced by the corresponding 
expressions derived from Equation 1.1 1 1, it is 
seen that 

AF = (l(Fl + RT In « L ) + + RTlna^) + . . .) 

- (a(F° A +RT In a A ) + b(F° B + RT In n B ) + ...) 

( 1 . 112 ) 



where a A , a B , . . . , a L , «m, are the activities of the 
various substances involved in the reaction in their 
arbitrary state. Upon rearranging Equation 1.112, the 
result is 

AF = AF° + FF In [ — f (1.113) 

\ a ‘k x 4 x ...y 

where A F°, the increase in free energy accompanying 
the reaction when all the reactants and products are in 
their respective standard states, is given by an equation 
analogous to Equation 1.110, i.e. 

AF = (IF° l + mF®,[ + ...)- (aF% + bF° B + . . .) (1.114) 



It will be noted that the quantity whose logarithm is 
involved in Equation 1.113, which may be called the 
arbitrary reaction quotient, is exactly similar in form 
to the expression for the equilibrium constant. In the 
latter, the activities of reactants and products are the 
values when the system as a whole is in equilibrium, 
whereas in the reaction quotient in Equation 1.113 the 
activities correspond to the arbitrary specified states 
for the various substances, and these may or may not 
correspond to a condition of equilibrium. 

For a system in equilibrium the free energy change, 
AF, is zero, provided the temperature and pressure 
at equilibrium are not allowed to alter. Consequently, 
when the arbitrarily chosen conditions represent those 
for equilibrium, AF in Equation 1.113 may be put 
equal to zero, so that 



AF 



—RT In 



(1.115) 



where the subscript, e, indicates that the activities are 
those for the system at equilibrium. Since the standard 
free energy change AF° refers to the reactants and 
products in the definite states of unit activity, it is 
apparent that AF° must be constant; consequently, 
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the right-hand side of Equation 1.115 must also be 
constant. The gas constant R has, of course, a definite 
value and so it follows that, if the temperature T is 
constant, 



(4 X a M x ■ ■ -) 

(4 x 4 x • • •) 



= constant = K 



(1.116) 



standard free energy change AF° must depend upon 
the particular choice of standard states. 

Attention may be drawn to the fact that although 
AF° depends on the particular standard states that are 
chosen, the value of A F is as it should be, independent 
of their nature. This may be readily seen by writing 
Equation 1.120 in the simple form 



This is the exact expression for the equilibrium con- 
stant K, as given in Equation 1 . 1 13; it has been derived 
from thermodynamic considerations alone, without the 
assumption of the law of mass action. It may be sim- 
plified for systems which do not depart appreciably 
from ideal behaviour, i.e. for reactions in solution 
mole fractions. In dilute solutions, concentrations may 
be employed. In general, however, with concentrated 
solutions such as cell electrolytes, it is best to use 
activities. 



1.23.1 The reaction isotherm 

If the symbol K for the equilibrium constant, as given 
by Equation 1.116, is substituted in Equation 1.115, 
the result is 

AF° = —RT In K (1.117) 



This is a very important' equation, as it relates the 
standard free energy change of a reaction to the 
experimentally determinable equilibrium constant. If 
this value for A F° is now inserted in Equation 1.1 13, 
it follows that the free energy change for the reaction 
with reactants and products in any arbitrary state is 
given by 

A F = -RTlnK + RT In ( \ (1.118) 



where the a values refer to the activities in these 
arbitrary states. The arbitrary reaction quotient in terms 
of activities may be represented by the symbol (2a. 
that is 



Ga = 



4 x q'm x ■ ■ • 
4 x 4 x . . . 



(1.119) 



so that Equation 1.118 becomes 

AF = -RT In K + RT\nQ a (1.120) 



which is a form of what is known as the reaction 
isotherm. It is evident that, if the arbitrary states hap- 
pen to correspond to those for the system at equilib- 
rium, (2a will become identical with the equilibrium 
constant K, since the expressions for both these quanti- 
ties are of exactly the same form (see Equations 1.116 
and 1.119). By Equation 1.120 the value of A F would 
then be zero, as indeed it should be for an equilibrium 
system. 

The standard state of unit activity may be defined 
in any convenient manner and so it is obvious that the 



AF = FT In — (1.121) 

K 

from which it is evident that A F is determined by 
the ratio of Q d to K. Consequently, as long as both 
of these quantities are expressed in terms of the same 
standard states, that is, in terms of the same units, the 
result will be independent of the particular standard 
state employed. 

For reactions in dilute solution, the standard state 
is chosen as the (hypothetical) ideal solution of unit 
concentration, i.e. 1 mol (or 1 gram-ion) per litre, or of 
unit molality, i.e. 1 mol/1000 g of solvent. Under these 
conditions the standard free energy is given by 

AF° = -RT\nK c (1.122) 

and the reaction isotherm becomes 

AF = —RT In K c + RT In Q c = RT In — (1.123) 

K c 

where Q c is the arbitrary reaction quotient with the 
states of the reactants and products expressed in terms 
of concentrations in their ideal solutions. If the solu- 
tions are sufficiently dilute, the actual concentrations 
may be employed in place of the ideal values. 

1.23.2 Criteria of spontaneous reaction 

The essential importance of the reaction isotherm lies 
in the fact that it provides a means of determining 
whether a particular reaction is possible or not, under a 
given set of conditions. For a thermodynamically irre- 
versible process taking place at constant temperature 
and pressure, A F must be negative; that is, the free 
energy of the system diminishes. If a particular phys- 
ical or chemical change is to be theoretically possible 
it must be able to occur spontaneously; spontaneous 
processes are, however, irreversible in the thermody- 
namic sense and hence it follows that a reaction can 
take place spontaneously only if it is accompanied by 
a decrease of free energy, i.e. A F must be negative, at 
constant temperature and pressure. This result applies 
to any process, physical or chemical; it is immaterial 
whether the latter is reversible, in the chemical sense, 
or if it goes to virtual completion. 

If the value of A F under a given set of conditions 
is positive, the reaction cannot possibly occur spon- 
taneously under those conditions, although it may be 
able to do so if the conditions are altered. By writing 
the reaction isotherm in the general form 

AF = RT ln- 
K 
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it can be seen that a particular process will be possible 
theoretically if the reaction quotient Q is less than the 
corresponding equilibrium constant K; A F will then 
involve the logarithm of a fraction and hence will be 
negative. If, however, the arbitrary concentrations are 
such as to make Q greater than A, the value of AF 
will be positive, and the reaction will not be possible 
under these conditions. 

It should be borne in mind, of course, that a change 
in temperature may affect the value of the equilibrium 
constant to such an extent that a reaction that previ- 
ously could not occur spontaneously, for a given value 
of the quotient Q, can now do so. At some tempera- 
tures K is less than Q, but as the temperature is altered 
K may become greater than Q\ the sign of AF will 
thus reverse from positive to negative, and the reaction 
becomes possible, when the temperature is changed. 

It is of interest to consider the physical significance 
of the conclusion that a reaction will be able to take 
place spontaneously if Q is less than A, but not if Q 
is greater than A. A comparison of Equations 1.116 
and 1.119, which define K and Q respectively, shows 
that when Q is less than K, the arbitrary activities (or 
concentrations) of the products are relatively less than 
those in the equilibrium state. The occurrence of the 
reaction will mean that the amounts of the products 
are increased, while those of the reactants decrease 
correspondingly. In other words, the state of the system 
will tend to move spontaneously towards the state 
of equilibrium. On the other hand, if Q is greater 
than A, the products will be present in excess of the 
equilibrium activities and for the reaction to continue 
would mean a still greater departure from equilibrium; 
such a change would never occur spontaneously. In 
these circumstances, of course, the reaction would tend 
to take place in the reverse direction. 

Although any reaction accompanied by a decrease 
of free energy is theoretically possible, this is no 
indication that the process will actually occur with 
measurable speed. In a series of analogous reactions, 
the rates at which the processes occur are roughly in 
the order of the free energy decrease, but in general, 
for different reactions, there is no connection between 
the magnitude of the decrease of free energy and the 
rate at which the reaction occurs. For example, at 
ordinary temperatures and pressures the free energy 
change for the combination of hydrogen and oxygen 
to form water has a very large negative value, yet the 
reaction, in the absence of a catalyst, is so slow that no 
detectable amount of water would be formed in years. 
The passage of an electric spark or the presence of a 
suitable catalyst, however, facilitates the occurrence of 
a reaction which the free energy change shows to be 
theoretically possible. 

As shown above, a reaction can take place spon- 
taneously if it is accompanied by a decrease of free 
energy, i.e. when AF is negative. If the reaction can 
be made to take place, for the passage of n fara- 
days, in a reversible cell of e.rn.f. equal to E, then 



by Equation 1 .23 

AF = -nFE (1.23) 

so that AF is negative if E is positive. Consequently, 
when the e.rn.f. of a reversible cell is positive, the cor- 
responding cell reaction will take place spontaneously. 

The e.rn.f. of a cell and even its sign depend on 
the activities, or concentrations, of the reactants and 
products of the reaction taking place in the cell; hence, 
the value of the free energy change will vary in 
an analogous manner. This is in agreement with the 
conclusions reached above. For many purposes it is 
convenient to consider the free energy change A F° 
associated with the reaction when all the substances are 
in their standard states of unit activity. The appropriate 
form of Equation 1 .23 is 

A F° = -nFE° ctl] (1.124) 

where £® el] is the standard e.rn.f. of the reversible cell 
in which the given reaction occurs. The value of F° oll 
can be obtained by subtracting the standard oxidation 
potentials of the electrodes constituting the cell, i.e. 

Z7O T ? 0 __ 77O 

C ccl) ~ ^ left ^ rig hi 

where F a i e r, and £' 0 ri g ht are the standard oxidation 
potentials of the left-hand and right-hand electrodes, 
respectively, as given in Table 1.2. The standard free 
energy change of the cell reaction can then be derived 
from Equation 1.124. 

Consider, for example, the Daniell cell: 

Zn|ZnS0 4 (tf Zn 2+ = l)||CuS0 4 (a Cu 2+ = l)|Cu = (-0.340) 

for which the reaction is 

Zn + Cu 2+ = Zn 2+ + Cu 

for the passage of 2F. The standard oxidation poten- 
tial of the left-hand (Zn, Zn 2+ ) electrode is +0.761 V 
(Table 1.2), while the standard oxidation potential 
of the right-hand (Cu, Cu 2+ ) electrode is —0.340V; 
the standard e.rn.f. of the complete cell, E° cll is 
thus +0.761 - (-0.340) = 1.101 V at 25°C, and by 
Equation 1.124: 

AF° = -2 x 96500 x 1.101 = -212500J 
= -212500 x 0.2390 = -50 790 cal 
i.e. — 50.79 kcal, at 25°C. 

Since £® c]1 , the standard e.rn.f. of the cell, is positive, 
the standard free energy change, A F°, is negative, and 
the reaction as written is spontaneous; hence, metallic 
zinc can react spontaneously with cupric ions at unit 
activity to produce metallic copper and zinc ions also 
at unit activity. 

Suppose it is required to determine whether the 
reaction 

Cd + 2H+(a = 1) = Cd 2+ (a = 1) + H 2 (1 atm.) 
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that is, the displacement of hydrogen ions from solu- 
tion by metallic cadmium, is possible theoretically 
when all the substances are in their standard states. 
This reaction would occur in the cell 

Cd||Cd 2+ (a = l)||H+(fl = 1)||H 2 (1 atm.) 

+0.402 0 

the standard e.m.f. of which is the same as the oxida- 
tion potential of the cadmium electrode, i.e. +0.402V 
at 25°C. Since E° ccll is positive, AF° is negative 
and the reaction should be capable of taking place 
spontaneously; the actual value of the standard free 
energy change could be determined, if required, from 
Equation 1.124, using n = 2 for the cell reaction as 
written above. 

An illustration of another kind is provided by the 
cell 

Ag||AgC10 4 (u = l)i|Fe(C10 4 ) 2 , Fe(C10 4 ) 3 (fl = l)||Pt 
-0.799 -(-0.771) 

in which the reaction is 

Ag(s) + Fe 3+ = Ag + + Fe 2+ 

for the passage of IF. The standard oxidation potential 
of the left-hand (Ag, Ag + ) electrode is —0.799 V, 
while the reduction potential of the right-hand (Fe 2+ , 
Fe 3+ , Pt) electrode is —(—0.771), i.e. +0.771 V 
(Table 1.2). The standard e.m.f. of the cell depicted 
is thus —0.799 + 0.771 — 0.028 V; since £'° ce n is 
negative, A F° is positive, and the reaction as written 
will not occur spontaneously for the reactants and 
products in their standard states. For the reverse 
reaction, however, A F° will be negative, so that the 
process 

Fe 2+ + Ag + = Fe 3+ + Ag(s) 

can be spontaneous if all the substances taking part are 
at unit activity. 

An examination of the foregoing results, or a general 
consideration of the situation, will reveal the fact that 
the standard e.m.f. of a cell is positive when the 
standard oxidation potential of the left-hand electrode 
is greater algebraically than the standard oxidation 
potential of the right-hand electrode; that is, when 
the former lies above the latter in Table 1.2. When 
this is the case, the cell reaction will be capable of 
occurring spontaneously, oxidation taking place at the 
left-hand side and reduction at the right-hand side. It 
follows, therefore, that any system in Table 1 .2 should 
be able, theoretically, to reduce any system lying below 
it in the table, while it is itself oxidized, provided all 
the substances concerned are in their standard states 
of unit activity. Thus, as seen above, zinc (higher in 
the table) reduces cupric ions to copper (lower in the 
table), while it is itself oxidized to zinc ions; similarly, 
cadmium reduces hydrogen ions to hydrogen gas, and 
is itself oxidized to cadmium ions. In general, any 



metal higher in Table 1.2 will displace from solution, 
i.e. reduce, the ions of a metal (or of hydrogen) lower 
in the table of standard oxidation potentials. 

These conclusions are strictly applicable only when 
the ions are all at unit activity. By changing the 
activity it is possible for a process to be reversed, 
particularly if the standard potentials of the systems 
involved are not far apart. For example, copper should 
be unable to displace hydrogen ions from solution, 
since the Cu, Cu 2+ system has a lower oxidation 
potential than the H 2 , H + system; this is true in so far 
as copper does not normally liberate hydrogen from 
acid solution. However, if the concentration of the 
cupric ions is decreased very greatly (for example, by 
the formation of complex ions), the oxidation potential 
is increased until it is greater than that of hydrogen 
against hydrogen ions in the same solution. In these 
circumstances, the displacement of hydrogen ions by 
metallic copper, with the evolution of hydrogen gas, 
becomes possible. 

Similar observations have been made in connection 
with the Ag, Ag + and Fe 2+ , Fe 3+ systems; as seen 
above, if all the substances are in their standard states 
of unit activity, the spontaneous reaction should be the 
reduction of silver ions to metallic silver by ferrous 
ions, as is actually the case. The standard oxidation 
potentials of the two systems are not very' different, 
although that of the Fe 2+ , Fe 3+ system is the higher. 

Although the standard potentials provide some indi- 
cation, therefore, of the direction in which a particular 
reaction may be expected to proceed spontaneously, 
especially if the potentials are appreciably different for 
the two systems involved, the results may sometimes 
be misleading. The real criterion, which is always sat- 
isfactory, is that the e.m.f. of the actual cell, i.e. E, with 
the substances at the given activities, and not neces- 
sarily £^, n , when the activities are all unity, should be 
positive for the reaction to be spontaneous. In other 
words, the actual oxidation potential of the left-hand 
electrode must be greater algebraically than that of the 
right-hand electrode if the reaction occurring in the 
cell is to proceed spontaneously. 

1.23.3 Equilibrium constants 

For many purposes it is more convenient to calculate 
the equilibrium constant of a reaction, instead of the 
free energy change; this constant provides the same 
information from a slightly different viewpoint. The 
equilibrium constant is related to the standard free 
energy change by Equation 1.117, namely 

AF° = ~RT\nK 

and since A F° is equal to — nFE® M , by Equation 1.124 
it follows that: 

£° cll = -^lnK (1.125) 
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or at 25 C C, with £j? cU in volts, 



E 



o _ 

cell 



0.05915 

n 



log K 



(1.126) 



By means of these equations the equilibrium constant 
of any reaction can be readily calculated from the 
standard e.m.f. of the reversible cell in which the 
reaction occurs. 

The reaction in the Daniell cell, for example, is 
Zn(s) + Cu 2 ~ = Zn 2+ + Cu(s) 



for the passage of 2F, i.e. n = 2, and the equilibrium 
constant is given by 



K = 






(1.127) 



where the subscript, e, is used to show that the activ- 
ities are the values when the reacting system attains 
equilibrium. The activities of the solid zinc and cop- 
per are, as usual, taken as unity. The standard e.m.f. 
of the cell, as seen above, is equal to E^ a — i.e. 
1.101 V at 25 C 'C; hence, by Equations 1.126 and 1.127, 



0.059 15 

1.101 = log 

2 c 



K = 



= 1.7 x 10 37 

\°Cv 2 + J e 



The ratio of the activities of the zinc and copper ions 
in the solution at equilibrium will be approximately 
equal to the ratio of the concentrations under the 
same conditions; hence, when a system consisting of 
metallic zinc and copper and their bivalent ions in 
aqueous solution attains equilibrium, the ratio of the 
zinc ion to the cupric ion concentration is extremely 
large. If zinc is placed in a solution of cupric ions, the 
latter will be displaced to form metallic copper until 
the c Zn 2 -/c Cu 2 + ratio in the solution is about 10 37 . In 
other words, the zinc will displace the copper from the 
solution until the quantity of cupric ions remaining is 
extremely small. 



1.24 Pressure development in sealed 
batteries 

This discussion is concerned with the development 
of gas pressures due to hydrogen and oxygen in 
sealed lead-acid batteries, although the comments 
made would apply, equally, to other types of batter- 
ies where hydrogen and oxygen are produced. As a 
lead-acid battery approaches the end of charge, i.e. 
its voltage exceeds 2 V, and also on overcharge, an 
increasing proportion of the charge current is used up 
not in charging the plates but in electrolysing the sul- 
phuric acid to produce hydrogen and oxygen. Besides 
being wasteful in charging current and damaging to the 



battery, this gas production represents a loss of water 
from the electrolyte, which, unless the water is replen- 
ished, makes the acid more concentrated with con- 
sequent adverse effects on battery performance and, 
eventually, physical deterioration of the battery. The 
concept of a sealed battery is to reduce or eliminate 
gassing during charging and discharging of the battery 
so that water loss does not occur from the electrolyte. 
In this situation the battery can be fully sealed during 
manufacture (with the proviso that a pressure relief 
valve is supplied to relieve gas pressure if untypical 
conditions develop) and will not require topping up 
with water during its life. 

Two main approaches have been made in the design 
of sealed batteries. In one approach, gassing is con- 
trolled at a very low level by attention to battery design 
such as using calcium-lead grid alloys and avoiding 
the presence of free electrolyte by attention to charging 
methods. In the other method, any hydrogen or oxy- 
gen produced is recombined back to water by means 
such as catalytic conversion or methods based on the 
third electrode principle. Reconversion of hydrogen 
and oxygen to water does, however, present problems. 
It is a fact that towards the end of charge, and on over- 
charge, the hydrogen and oxygen are not produced in 
exactly the stoichiometric amounts as indicated by the 
equation 

h 2 o = h 2 + £0 2 



Were this the case the electrolysis gas would contain 
66.7% v/v hydrogen and 33.3% v/v oxygen (i.e. the 
stoichiometric composition) and, provided the recomb- 
ination device were efficient, complete recombination 
of these gases to water would occur: 

H 2 + I0 2 = H 2 0 

In fact, as will be discussed later, in the later stages of 
charge and the earlier stages of discharge, the hydro- 
gen-oxygen mixture in a sealed battery has a com- 
position which is non-stoichiometric. An excess of 
either hydrogen or oxygen remains over the stoichio- 
metric composition and this excess does not, of course, 
react. Therefore, a pressure build-up occurs in the cell. 
Whilst cells can be designed to tolerate a certain pres- 
sure build-up, there is a practical limit to this. During 
a complete charge/discharge cycle, the total amounts 
of hydrogen and oxygen produced are stoichiometric; 
and consequently, in (he long term, complete recomb- 
ination would occur and internal cell pressure would 
be relieved, i.e. cell pressure would not continually 
increase with continued cycling of the battery but a 
maximum pressure excursion would occur within each 
single charge/discharge cycle. 

1.24.1 Overvoltage 

At a platinized platinum cathode, hydrogen is liber- 
ated practically at the reversible hydrogen potential 




1/62 Introduction to battery technology 

of the solution. With other electrodes, e.g. lead, a 
more negative potential is required to secure its lib- 
eration. The difference between the reversible hydro- 
gen potential and the actual decomposition potential 
in the same solution is known as the hydrogen over- 
voltage of the metal. Approximate determinations of 
the hydrogen overvoltage can be made by observ- 
ing the potential of the lead cathode when the cur- 
rent-voltage curve shows that appreciable electrolysis 
is taking place, or by making the cathode very small 
and observing its potential when the first visible bub- 
bles of hydrogen occur. Hydrogen overvoltages in the 
range 0.36-0.64 V have been obtained by these meth- 
ods at a lead cathode. 

Similar considerations apply in the case of liberation 
of oxygen at the lead dioxide anode. The reversible 
anode oxygen potential for the liberation of oxygen at 
the lead dioxide anode is considerably more positive 
than the value calculated from free energy data and is, 
in fact, in the region 0.4-0.5 V. 

Although the decomposition potential of an aqueous 
solution of sulphuric acid to produce hydrogen and 
oxygen is constant at about 1.7 V with smooth plat- 
inum electrodes, due to the overvoltage phenomenon, 
the value is different if other materials are employed as 
electrode materials. If the cathode is lead and the anode 
is platinum, for example, the decomposition potential 
increases to about 2.2 V. 

The decomposition voltage for the electrolysis of 
sulphuric acid to hydrogen and oxygen is about 1.7 V 
and the hydrogen overvoltage at the cathode is 0.6 V; 
thus hydrogen does not start to be evolved in a 
lead-acid battery until the charging potential reaches 
2.3 V. Similarly, the oxygen overvoltage at the anode 
is 0.5 V; thus oxygen does not start to be evolved until 
the charging potential reaches 2.2 V. In this sense, in a 
lead-acid battery, the anode and cathode behave inde- 
pendently of each other, each releasing oxygen and 
hydrogen, respectively, as dictated by the electrode 
e.m.f. 

During the discharge of a lead-acid battery the 
following reactions occur: 

H 2 S0 4 = 2H+ + SO;; - 

1. At the positive electrode (anode): 

Pb0 2 + H 2 SO 4 + 2H ' + 2e = PbS0 4 + 2H 2 0 

above 2.2 V (oxygen evolution): 

Pb0 2 + 2H+ + 2e + SO^ - = PbS0 4 + H 2 0 + ^0 2 

2. At the negative electrode (cathode): 

Pb + SO); - = PbS0 4 + 2e 

above 2.3 V (hydrogen evolution): 

Pb + SO 4 - + 2H + = PbS0 4 + II 2 
During charge the above reactions occur in reverse. 



According to the Tafel relationship: 

i = Ke- aE (1.128) 

where i is the current (A), b a constant characteristic 
of the electrode, E the potential (V) of the cathode or 
the anode, and a is a constant identified as 

F 

2RT 

where F = 96 500 C, R is the gas constant (1.987) and 
T is the temperature (K). 

Hence 

i = k e\p(—FE/2RT) (1.129) 



Taking logarithms of Equation 1.129, 
FE 



In / = constant — 



2 x RT 



log i = constant — 



FE 



2 x 2.303 x RT 



or 



d E 

d log i 



2 x 2.203 x RT 



(1.130) 



(1.131) 



(1.132) 



Inserting values in Equation 1.132, at 18°C (291 K): 

d£ 2 x 2.303 x 1.987 x 291 

= = 0.116 V 

d log / 96500 



i.e. the cathode potential becomes 0.116 V more neg- 
ative for each ten-fold increase in the current and the 
anode potential becomes 0.116 V more positive for 
each ten-fold increase in the current. 

If E c denotes the e.m.f. of the cathode and i c the 
current flowing, and E a denotes the e.m.f. of the anode 
and i a the current flowing, then from Equation 1.131: 



log i c = C - 



FE C 

2 x 2.303 x RT 



and 

log i a = C ■ 



FE a 

2 x 2.303 x RT 



then 

i a F(E C — E a ) 

log — = 

f c 2 x 2.203 x RT 

At 18°C 

log - = 36.233(E C - £ a ) 



(1.133) 



Assume that E c , the e.m.f. of the cathode, is 2.3 V 
(hydrogen liberation) and assume a range of values of 
2.2-2.35 V for E a , the e.m.f. of the anode (oxygen 
liberation), i.e. the anode e.m.f. starts off being less 
than and finishes up being greater than the cathode 
e.m.f. 
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Having ascertained iji c from the known values of 
E c and E a , assume that i' a has a value of 10 A, i.e. 

10 

ic — 

ijic 

(Table 1.21). From the anode reaction: 

Pb0 2 + 2H+ + 2e + SC+ = PbS0 4 + H 2 Q + ^0 2 



2 x 96 500 C liberate 11 200 cm 3 oxygen, i.e. a current 
of 10 A for 1 s liberates 



10 x 11 200 
2 x 96500 



0.5803 cm 3 oxygen/s 



From the cathode reaction: 
PbS0 4 + 2H+ = PbS0 4 + H 2 



2 x 96 500 C liberate 22400 cm 3 hydrogen, i.e. a cur- 
rent of l0/(iji c ) A for 1 s liberates 



10 x 22400 
(i : a /i' c ) x 2 x 96500 



10i c . 

— — x 0. 1 160 cm hydrogen/s 
hi 



From these data, it is possible, as shown in Table 
1.25, to calculate the volume of oxygen produced 
per second at the anode and the volume of hydrogen 
produced per second at the cathode, hence the total 
gas production and the gas composition. It is seen in 
this particular example that depending on the relative 
electrode e.m.f. the generated gas can contain between 
nil and 99.2% v/v hydrogen, compared with 66.7% v/v 
for the theoretical stoichiometric composition for a 2:1 
v/v hydrogen/oxygen mixture as would be produced 
by the direct electrolysis of sulphuric acid not in a 
lead-acid battery situation. The dependence of gas 
composition on anode and cathode potentials is clearly 
shown in Figure 1.58. This Figure shows that the 
evolved gas has a stoichiometric composition (66.7% 
v/v hydrogen, 33.3% oxygen) when both the anode 
and cathode have a potential of 2.3 V. When the anode 
potential is less than 2.3 V the gas mixture is oxygen 
rich and when it is more than 2.3 V the mixture is 
hydrogen rich. 

The above comments apply during battery charging, 
i.e. when the electrode e.m.f. values are increasing. 



Table 1.25 Electrolysis of sulphuric acid in the lead-acid battery 




Anode e.m.f. (V) 



Figure 1.58 Dependence of electrolysis gas composition on 
e.m.f. Cathode e.m.f. is assumed fixed at 2.30 V and cathode 
current at 1 0 A 



During discharge the situation is reversed. Thus, over 
a complete charge/discharge cycle, the total yield of 
gas has a stoichiometric composition, i.e. 66.7% v/v 
hydrogen and 33.3% v/v oxygen. An effective catalyst 
recombination device would fully recombine this to 
water, thereby making up the electrolyte volume to its 
original value. 

The difficulties are: 

1. Devising a truly efficient recombination device that 
operates successfully in a battery environment. 



Cathode 

potential 
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(V) 


Anode 

potential 
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1 > 
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{ Equation 
1.133) 


l'a^'c 


kMifh 
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10 A) 


Gas evolution per second 




Composition of 
generated gas 
(% v/v) 


Oxygen 

/ ; a x 1 1 200 \ 


Hydrogen 
( 10,c n n+\ 


Total 


Oxygen 


Hydrogen 


V2x 96500/ 


V la J 


2.30 


2.20 


+0.10 


3.6233 


4200 


0.002238 


0.5803 


0.000276 


0.5806 


99.9 


0.1 


2.30 


2.22 


+0.08 


2.898 


791 


0.01264 


0.5803 


0.001 466 


0.5818 


99.7 


0.3 


2.30 


2.25 


+0.05 


1.811 


64.70 


0.154 5 


0.5803 


0.017 92 


0.5982 


97.0 


3.0 


2.30 


2.28 


+0.02 


0.7247 


5.305 


1.885 0 


0.5803 


0.2187 


0.7990 


72.6 


27.4 


2.30 


2.29 


+0.01 


0.3623 


2.304 


4.340 


0.5803 


0.503 6 


1.0839 


53.5 


46.5 


2.30 


2.295 


+0.05 


0.1811 


1.517 


6.591 


0.5803 


0.764 7 


1.3450 


43.1 


56.9 


2.30 


2.32 


-0.002 


-0.7247 


0.1884 


53.08 


0.5803 


0.1570 


6.7373 


8.61 


91.39 


2.30 


2.35 


-0.05 


-1.811 


0.0158 


632.9 


0.5803 


73.417 


73.997 


0.78 


99.22 
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2. Handling the pressure excursions that occur at cer- 
tain parts of the charge/discharge cycle due to the 
presence of excess over stoichiometric amounts of 
unrecombined oxygen or hydrogen. 

Even small departures from stoichiometric gas com- 
position at certain periods of the charge/discharge 
cycle would cause excessive gas pressure build-up 
within the cell as shown below. 

Suppose that the dead space above the electrolyte 
in a sealed cell was 100 cm 3 and that this space 
was filled with gas having a composition 70% v/v 
hydrogen and 30% oxygen, i.e. 70 cm 3 hydrogen 
and 30 cm 3 oxygen. With effective recombination the 
30 cm 3 of oxygen would consume 60 cm 3 hydrogen 
leaving 10 cm 3 of hydrogen unconsumed. If 100 ml 
of 70:30 v/v hydrogen/oxygen were being generated 
per minute the dead space would contain 10 ml of 
unconsumed hydrogen, i.e. the internal cell pressure 
would be 

— — = 0.1 x 760mmHg 



At the end of 10 min the internal pressure would be 
10 x 0.1 x 760 = 760mmHg 
and at the end of 30, min the pressure would be 
30 x 0. 1 x 760 = 2280 mmHg 

i.e. three atmospheres. Clearly, the occurrence of 
internal pressures between one-tenth of an atmosphere 
and three atmospheres or higher has implications in the 
problems of designing cells capable of withstanding 
such pressure cycling. 

It is very important, therefore, when designing 
sealed cells to avoid these problems as far as possible 
by reducing gas production to an absolute minimum 
during charge and discharge so that pressure excur- 
sions are kept to a minimum. The non-stoichiometry 
problem cannot be avoided, but, by keeping gas evo- 
lution to a minimum, maximum internal cell pressure 
can be kept low and gas loss by venting avoided so 
that in a subsequent stage of the charge/discharge cycle 
excess oxygen and hydrogen can be recombined back 
to water, thereby avoiding any long-term reduction in 
electrolyte volume. 
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The first choice to be made is whether a primary 
or secondary' battery is required. Usually, there is no 
doubt about the requirement in this respect. We shall 
therefore proceed to a discussion of the selection of 
the particular type of primary or secondary battery 
required for the application in mind. 

There is increasing environmental pressure to stop 
the use of mercury' batteries. As these are still used 
to a limited extent, eg. some military applications, a 
discussion of them is included in this book. 

2.1 Primary batteries 

Until the 1970s, primary batteries were predom- 
inantly zinc-anode-based systems. Performance of 
these cells has undergone progressive improvements 
through development of the original Leclanche 
(carbon-zinc) system and introduction of new 
couples such as zinc-mercuric oxide, alkaline 
manganese dioxide, and zinc-silver oxide. Figure 2.1 
shows these improvements for one aspect of cell 
behaviour - energy density. More recently, significant 
advances in energy density have been achieved, 
together with improvements in other areas, such as 
low-temperature performance and storage capability, 
through the development of lithium-anode-based 
systems and specialist couples using anode materials 
such as cadmium, magnesium and indium-bismuth. 

Table 2. 1 shows, in order of increasing gravimetric 
energy density, the gravimetric and volumetric energy 



densities, the open circuit and on-load cell e.m.f. and 
the minimum and maximum recommended operating 
temperatures of a wide range of primary batteries. 
These are some, but not all, of the factors that must be 
taken into account when selecting a type of battery. 

Gravimetric energy density controls the weight of 
the battery required for a given energy output. Primary 
carbon-zinc and alkaline manganese dioxide batteries 
have relatively low gravimetric energy densities in 
the ranges, respectively, of 55-77 and 66-99 Wh/kg 
or 120-152 and 122-268 W h/dm 3 on a volumetric 
basis. Only mercury -cadmium batteries and specialist 
batteries developed for particular applications, such 
as the thermally activated batteries and cuprous 
chloride and silver chloride type seawater-activated 
batteries, have lower gravimetric energy densities 
than the carbon-zinc and alkaline manganese dioxide 
types. More recently developed primary batteries, such 
as the manganese dioxide-magnesium perchlorate 
(90 — 1 10 Wh/kg, 120-130 W h/dm 3 ), mercury-zinc 
(99- 123 W li/kg, 300-500 W h/dm 3 ) and silver-zinc 
(1 10-267 Wh/kg, 215-915 W h/dm 3 ) batteries, have 
appreciably higher gravimetric (and volumetric) 
energy densities (upto 330 Wh/kg, 6 10 W h/dm 3 ), 
as do some of the batteries based on magnesium 
electrodes and organic electrolytes, as opposed to the 
normal aqueous electrolyte systems. 

A further, even more recently developed type 
of primary battery, with appreciably higher energy 
densities, is that based on lithium and organic 



Figure 2.1 Improvement in primary battery performance 
at 21 °C since 1946: □, initial; ■, after 2 years storage 
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Table 2.1 Energy densities of primary batteries in order of increasing W h/kg energy density 



Battery system 


Open circuit 
voltage per 
cell (V) 


On-load 
voltage per 
celHy) 


Practical energy density 


Operating 

temperature 

CC) 


Wh/kg 


Wh/dm 3 


Thermal cells 


*2.30-3.00 


. 


10-30 








+2.70 


2.20-2.60 


1-9 


2.4-18 


-54 to 93 


Water-activated cuprous chloride 


1.50-1.60 


1.20-1.40 


11-110 


18-213 


-45 to 93 


Mercury-cadmium 


0.90 


0.75 


22 


73 


-40 to 70 


Water-activated silver chloride 


1.60-1.70 


1.20-1.50 


22-155 


43-305 


—45 to 93 


Carbon-zinc 


1.5 


1.2 


55-77 


120-152 


-7 to 54 


Alkaline manganese 


1.5 


1.25 


66-99 


122-268 


-30 to 54 


Mercury-cadmium-bismuth 


1.17 


- 


77 


201 


-20 to 90 


Zinc chloride 


1.5 


1.2 


88 


183 


-18 to 71 


Manganese dioxide-magnesium 


*1.90-2.00 


1.50-1.55 


90-110 


120-130 


- 


perchlorate (reserve) 


1 1.85-2.70 


1.35-1.60 


44-110 


60-180 


-40 to 74 


Mercury-zinc 


1.35 


1.25 


99-123 


300-500 


-20 to 54 


Magnesium-organic electrolyte 


2.70-3.00 


1.70-2.70 


133-330 


430-610 


-54 to 74 


Silver-zinc (monovalent) 


*1.6 


1.5 


110-126 


400-550 


-40 to 54 




+ 1.85 


1.30-1.55 


110-267 


215-915 


0 to 54 


Lithium-iodine 


2.80 


- 


200 


530 


- 


Zinc-air 


*1.40 


1.20 


>220 


180-900 


- 




T 1.40- 1.50 


1.2-1.30 


155-330 


180-490 


-29 to 52 


Lithium- sulphur dioxide 


2.90 


2.75 


260-330 


420 ) 


-40 to 60 


Lithium-vanadium pentoxide 


3.4 


2.4 


264 


660 } 


-54 to 60 


Lithium-thionyl chloride 


3.60 


3.20-3.40 


>660 


1080 J 





* f Data from different sources 



electrolytes. These comprise, basically, three types of 
battery, the lithium -sulphur dioxide, lithium- vana- 
dium pentoxide and lithium-thionyl chloride types, 
with energy densities, respectively, of 260-300 W h/kg 
(420 Wh/dm 3 ), 264 W h/kg (660Wh/dm 3 ) and greater 
than 660 W h/kg (1080 Wh/dm 3 ). An example of 
a high energy density specialist battery is the 
lithium-iodine system with a gravimetric energy 
density of 200 W h/kg (530 Wh/dm 3 ). 

Mechanically rechargeable zinc-air batteries can 
give twice the energy density of carbon-zinc types 
of cell currently in production. Energy densities up 
to 220 W h/kg are well within the capability of this 
system, compared with the 55-77 W h/kg obtainable 
from carbon-zinc types of primary cell. 

Care is required in interpreting energy density data 
supplied to users by battery manufacturers. The figure 
of least value to the user is the theoretical energy den- 
sity of the cell reaction involved. This figure takes into 
account only the weight of the active materials and 
ignores the weight of the cell construction materials 
(containers, terminals, separators). Others might pub- 
lish energy densities for single cells, which is of more 
value. When cells are made up into batteries, further 
components contribute weight but not electrical energy 
to the battery and this further complicates the interpre- 
tation of energy density data. These factors need to be 
taken into account when determining energy density 
data for the same type of cell supplied by different 
types of cell now available. 



Frequently, the practical or commercial energy den- 
sity of a battery is between one-half and one-third of the 
theoretical value, and this factor must be very carefully 
taken into account when selecting a type of battery. 

As previously mentioned, energy density can be 
expressed in two ways; Wh/kg and Wh/dm 3 . It would 
be expected, therefore, that there would exist an 
approximate relationship between these two quantities, 
provided that the mean density did not vary too 
much from one battery type to another. That this is 
indeed so is shown by examination of Figures 2.2 
and 2.3 in which Wh/kg is plotted against Wh/dm 3 . 
With some notable exceptions, e.g. lithium-thionyl 
chloride (Figure 2.2) a reasonably smooth plot is 
obtained which suggests that the mean densities 
(Wh/kg)(Wh/dm 3 ) of the various types of battery are 
in the range 2.0-3. 2 g/cm 3 . 

It will be appreciated, however, that high energy 
density is only one of the parameters which must 
be taken into consideration when selecting a primary 
battery for a particular application. For example, great 
improvements in operation at low temperature have 
also been achieved during the 1970s. In this context 
manganese dioxide-magnesium perchlorate cells have 
excellent operating characteristics at — 40°C with little 
loss of capacity, even though this type of cell has a 
lower energy density than alternative new types of cell 
now available. 

Operating temperature ranges for various types 
of primary battery are listed in Table 2.1. The 
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Figure 2.2 Gravimetric versus volumetric energy densities (com- 
mercial) of primary batteries: minimum quoted literature values 




Figure 2.3 Gravimetric versus volumetric energy densities (com- 
mercial) of primary batteries: maximum quoted literature values 



carbon-zinc battery, for example, ceases to operate 
at — 7°C and the alkaline manganese at about 
— 30°C, in contrast to manganese dioxide-magnesium 
perchlorate batteries which still successfully operate at 
— 40°C and magnesium-organic electrolyte batteries 
at — 54°C. If battery operating temperature in the 
application in mind is likely to deviate from 10 
to 25'C, operating temperature will often have an 
influence on the type of battery selected for the 
application. 

Another parameter that has greatly improved in 
recent years is shelf life and, in fact, the mer- 
cury-cadmium cell has a shelf life of 5-10 years 
(and a wide operating temperature range) which, to 
the user, may outweigh the fact that its energy den- 
sity is not as high, for example, as that of the mer- 
cury-zinc cell. The principal types of dry primary 
cell and their average characteristics are given in 
Table 2.2. This table shows some of the important 
parameters that must be taken into account when 
selecting cells for a particular application. These five 
types of cell will fulfil the needs of many applica- 
tions. However, where particularly outstanding prop- 
erties in one area or another are required it will be 
necessary to consider alternative newer types of cell, 
such as magnesium perchlorate-manganese dioxide 



types, lithium-organic electrolyte based systems or 
other types such as lithium-iodine or thermal batteries. 

Another parameter which will have a very definite 
bearing on the choice of battery type is cell volt- 
age, particularly on-load voltage, which are tabulated 
in Table 2.1 for various types of primary battery'. It 
can be seen that these range from 0.75 V/cell (mer- 
cury-cadmium) to over 3 V with some of the lithium 
and magnesium based organic electrolyte systems. 

2.1.1 Selection of primary batteries 

Selecting a battery can be as simple as buying a cell 
for a pen light or as complicated as specifying a source 
of stored energy for a satellite transmitter. 

Primary batteries are used extensively in a wide 
range of applications, some of which are shown in 
Table 2.3 for the more conventional types of battery. 
Applications range from the sophisticated to the mun- 
dane, covering the use of the smallest 15 V Leclanchd 
layer stack battery made (10 mm diameter and 27 mm 
height), which has an application in a CMOS liquid 
crystal display, and every-day applications such as 
road hazard lamps and intruder alarm circuits. 

To date, there is no single battery system that 
has every advantage over all the other systems, and 




Table 2.2 Principal types of dry battery and average characteristics 



Common name 


Carbon-zinc 


Carbon— zinc (zinc chloride ) 


Electrochemical system 


Zinc-manganese 
dioxide (usually called 
Leclanchd or 
carbon-zinc) 


Zinc-manganese dioxide 


Voltage per cell (average 
on-load voltage in 
parentheses) (V) 


1.5 (1.2) 


1.5 (1.2) 


Negative electrode 


Zinc 


Zinc 


Positive electrode 


Manganese dioxide 


Manganese dioxide 


Electrolyte 


Aqueous solution of 
ammonium chloride and 
zinc chloride 


Aqueous solution of zinc 
chloride 


Type 


Primary 


Primary 


Number of cycles 
Input if rechargeable 


10-20 


10-20 


Overall equation of 


2 Mn 02 + 2 NLI 4 CI + Zn 


8Mn0 2 + 4Zn + ZnCl 2 + 


reaction 


-> ZnCl 2 .2NH 3 + H 2 0 
+ Mn 2 0 3 


9H 2 0 -> 8 MnOOH + 
ZnCl 2 .4Zn0.5H 2 0 


Typical commercial 
service capacity 


60 m A h to 30 A h 


Several hundred mAh to 
9 Ah 


Commercial energy 
density (W/kg) 


55-77 


88 


Commercial energy 
density (W/dm 3 ) 
Practical current drain 
rates: 


120-152 


183 


Pulse 


Yes 


Yes 


High (>50mA) 


15 mA/cm 2 of zinc area 
(D cell) 


23 mA/cm 2 of zinc area 
(D cell) 


Low (<50mA) 


Yes 


Yes 


Discharge curve shape 
Temperature range (°C): 


Sloping 


Sloping 


Storage 


-40 to +48 


-40 to +71.1 


Operation 


—6.7 to +54.4 


-17.8 to +71.1 



Alkaline manganese 
dioxide 


Mercuric oxide 


Silver oxide 


Zinc-alkaline 
manganese dioxide 


Zinc-mercuric oxide 


Zinc-silver oxide 


1.5 (1.25) 


1.35 (1.25) 


1.6 monovalent (1.5) 


Zinc 


Zinc 


Zinc 


Manganese dioxide 


Mercuric oxide 


Monovalent silver oxide 


Aqueous solution of 


Aqueous solution of 


Aqueous solution of 


potassium hydroxide 


potassium hydroxide or 
sodium hydroxide 


potassium hydroxide or 
sodium hydroxide 


Primary and 
rechargeable 

50-60 rechargeable only 

Approximately 100% of 
energy withdrawn 
rechargeable only 


Primary 


Primary 


2Zn + 3Mn0 2 — >• 2ZnO 


Zn + 2Mn0 2 ZnO + 


Zn + Ag z O — r ZnO + 


+ MU 3 O 4 


Mn 2 0 3 


2Ag 


Several hundred 111 A h 
to 23 A h 


16 mAh to 28 Ah 


35 mAh to 210 mAh 


Primary: 66-99 
Rechargeable: 22 


99-123 


110-126 


Primary: 122-263 
Rechargeable: 61-73 


300-500 


400-550 


Yes 


Yes 


Yes 


31 mA/cm 2 of zinc area 
(D cell) 


No 


No 


Yes 


Yes 


Yes 


Sloping 


Flat 


Flat 


-40 to +48.9 


—40 to +60 


-40 to +60 


-28.9 to +54.4 


0 to +54.4 


0 to -1-54.4 



2/6 Guidelines to battery selection 




Effect of temperature on 
service capacity 


Poor low temperature 


Good low temperature 
relative to carbon-ziuc 


Good low temperature 


Good high temperature, 
poor low temperature- 
depends on construction 


Poor low temperature- 
depends on 
construction 


Impedance 


Low 


Low 


Very low 


Low 


Low 


Leakage 


Medium under abusive 
conditions 


Low 


Rare 


Some salting 


Some salting 


Gassing 


Medium 


Higher than carbon-zinc 


Low 


Very low 


Very low 


Reliability (lack of duds 
95% confidence level) 


99% at 2 years 


99% at 2 years 


99% at 2 years 


99% at 2 years 


99% at 2 years 


Shock resistance 


Fair to good 


Good 


Fair to Good 


Good 


Good 


Cost 

Initial 

Operating 


Low 

Low 


Low to medium 
Low to medium 


Medium plus 
Medium to high at high 
power requirements 


High 

High 


High 

High 


Features 


Low cost; variety of 
shapes and sizes 


Service capacity at 
moderate to high current 
drains greater than carbon - 
zinc; good leakage 
resistance; low-temperature 
performance better than 
carbon-zinc 


High efficiency under 
moderate and high 
continuous conditions; 
good low-temperature 
performance; low 
impedance 


High service 
capacity-volume ratio; 
flat voltage discharge 
characteristic; good high 
temperature 


Moderately flat voltage 
discharge characteristics 


Limitations 


Efficiency decreases at 
high current drains; poor 
low-temperature 
performance 




Primary type expensive 
for low drains. 
Rechargeable: limited 
cycle life; voltage- 
limited taper current 
charging 


Poor low-temperature 
performance on some types 




Applications 


Radios, barricade 
flashers, telephone 
ampliliers, marine depth 
finders, toys, lighting 
systems, signalling 
circuits, novelties, 
flashlights, photo- 
flashguns, paging, 
laboratory instruments 


Cassette players and 
recorders, calculators, 
motor-driven toys, radios, 
clocks 


Radios (particularly high 
current drain), bicycle 
lights and horns, 
shavers, electronic flash, 
lighting systems, movie 
cameras, radio- 
controlled model plane 
ignition, toys, tape 
recorders, television 


Secondary voltage 
standard, television sets, 
radios, photoelectric 
exposure devices, 
walkie-talkies, paging, 
radiation detection, test 
equipment, hearing- 
aids, transistorized 
equipment, electronic 


Hearing-aids, reference 
voltage source, 
photoelectric exposure 
devices, instruments, 
electronic watches 



sets, walkie-talkies, watches 

cassette players and 
recorders, calculators, 
motor-driven toys, clocks, 
photo-flash, heavy duty 
lighting, any high-current 
drain, heavy discharge 
schedule use 
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Table 2.3 Some applications of primary batteries 



Application 


Battery system 


Local requ i remet 1 1 


Life required (approx.) 


Acceptable voltage 
regulation (%) 


Reason for battery 
choice 


Roadside hazard lamp 
(flashing) 


Carbon -zinc 


6 V 0.3 A bulb approx. 
60 pulses/min 


1200 h 


40 


Economy; availability 


Roadside hazard lamp 


Air depolarized 


3.8 V 250 mA bulb 


120h continuous 


20 


Economy 


Personal locator beacon 


Mercury-zinc 


13.4 V 30mA 
continuous at 0°C 


30 h 


20 


Operation at 0°C; 
good storage 


Location beacon 


Mercury-indium-bismuth 


14.7 V 60 mA pulse 
train 


Operation after storage 
at 70°C; 300 h 


5 


Operation after 
storage at 70°C 


Sealed metering and 
indicator 


Mercury-cadmium 


15 mA pulse 
sporadically 


48 months 


10 


Special termination; 
good storage 


Portable warning lamp 


Zinc- air 


250 mA 


10 h continuous 


5 


Low weight requirement 
and voltage regulation; 
economy 


Roadside hazard lamp 
continuously burning 


Carbon -zinc 


12V 0.1 Abulb 


63 h 


30 


Economy; availability 


Alarm system 


Air depolarized 


3.0mA continuously 


18 months 


20 


Economy 


Laser beam detector 


Mercury-zinc 


13.4 V 20 mA 
intermittently 


lOOh 


5 


Special termination; 
good storage 


Memory core standby 
supply 


Mercury-indium-bismuth 


20 ,uA 


24 months 


5 


Special termination; 
good storage 


Intruder alarm system 


Carbon -zinc 


12V 300mA 


8h after 12 months storage 


30 


Economy; availability 


Radio location buoy 


Air depolarized 


750 mA pulse 
2 mA quiescent 


1 2 months 


20 


Weight; economy 


Solid-state relay 


Mercury-zinc 


13.4V lOpA 
continuously 


1 8 months 


1 


Long life and voltage 
regulation 


Emergency and portable 
fluorescent handlamp 


Carbon-zinc 


12 V 600 mA 


3 h continuously 


25 


Economy; availability 


Detonator 


Mercury-zinc 


1.34 V 500 mA pulse 


One shot after 18 
months 


10 


Good storage and 
special termination 


Direct reading frequency meter 


Carbon-zinc 


9 V 25 mA 


200 h at 4 h/day 


25 


Size; economy; availability 


Radio microphone 


Mercury-zinc 


13.4V 15mA2h/day 


50 h 


10 


Voltage regulation; 
special shape 


Wide-range oscillator 


Carbon -zinc 


18 V 25 mA 


200 h at 4 h/day 


25 


Size; economy; availability 


Communication transceiver 


Carbon-zinc 


12 V T x 1.2A R x 0.6 A 


24 h continuous on 
T X !R X = 1/9 


30 


Economy; weight 


Tape recorder 


Carbon-zinc 


6 V 200 mA 


20 days at 30min/day 


35 


Availability; economy 


Miniature ignition device 


Carbon- zinc 


400 mA pulses 


6-9 months 


30 


Miniaturization 
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therefore a procedure for selecting the most suitable 
system is necessary. The factors involved in the selec- 
tion of primary batteries suitable to meet a particular 
requirement are extremely complex. It is essential at 
an early stage in the design to liaise with the technical 
department of the battery manufacturer to ensure that 
the characteristics of the battery and the equipment are 
matched so that the user of the equipment obtains the 
best possible performance from both. 

There are three basic applications for which primary 
batteries are used: 

1 . Miniature equipment (worn or carried unobtrusively 
in use). 

2. Equipment that is portable in use (often moved 
during or between discharge periods). 

3. Transportable equipment (not frequently carried) 
and standby systems. 

Each of these can be based on one of several electro- 
chemical systems. Batteries in miniature equipment are 
discussed in Section 2.1.2, and in portable equipment 
in Section 2.1.3. Transportable batteries are usually of 
the rechargeable type and are dealt with in Chapter 2.2. 

One of the problems facing a designer is selecting 
the correct system for the application from a choice 
of many. Some of the available systems are listed 
in Table 2.1, which gives open-circuit voltage, aver- 
age on-load voltage, energy densities and operating 
temperatures for various systems, including all those 
commonly available for commercial use. 

Although the many types of battery available may 
seem to make a proper choice difficult, the problem can 
be somewhat simplified by first outlining the applica- 
tion requirements and then matching a battery to the 
job. The preliminary information that must be avail- 
able before a battery can be specified is set out below. 
The discussion of the basic characteri sties and features 
of various batteries in the following sections will indi- 
cate which one(s) are most suitable for the application. 
Unfortunately, the ideal characteristics cannot be found 
in any one battery design; nor can the characteristics 
of one battery always be compared directly with those 
of another. Therefore optimum performance of a bat- 
tery' in an application can usually be achieved best 
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by meeting the critical needs of the application and 
subordinating the others. 

The selection of a battery is best achieved by setting 
out a list of minimum requirements, conditions and 
limitations, as follows: 

1. Maximum permissible voltage at the beginning of 
discharge. 

2. Norma! voltage during discharge (voltage stability 
on load). 

3. End-voltage, that is, voltage at which equipment 
ceases to function properly. 

4. Current-voltage relationships: constant current 
(amps), constant resistance (ohms), constant power 
(watts). 

5. Type of discharge and current drain (duty cycle): 
continuous, intermittent, continuous with pulses. 

6. Storage and service life. 

7. Environmental conditions in storage and in service. 

8. Physical restrictions such as dimensions and weight. 

9. Special requirements. 

It is important that all these points be considered 
because they are interdependent. This information will 
allow the battery manufacture to recommend to the 
equipment designer a battery suitable for the proposed 
application. 

Table 2.4 gives some idea of the relative running 
costs between three different primary systems: car- 
bon-zinc, alkaline manganese and mercury-zinc of 
the R20 size cell covering heavy, medium and light 
duties. In this comparison of running costs no account 
is taken of voltage regulations. Although the voltage 
tolerances differ widely between systems (10% for 
mercury-zinc, 20% for alkaline manganese, 25% for 
air depolarized and up to 40% for carbon- zinc), it 
should be noted that good voltage regulation may be 
obtained from any battery system using devices such 
as Zener diodes. Thus, it can be seen that by carefui 
design of a given circuit the lower-cost system could be 
used, or, because of the more stable voltage of another 
system, the number of cells in a giver, battery could be 
reduced, which could reduce the volume and weight. 
The operating voltage range of the equipment deter- 
mines the extent to which the available capacity in a 
battery is realized. A cut-off voltage (that is, complete 



Table 2.4 Running cost comparison, relative to Carbon-zinc cell size R20 



System 


Retail price 




Cost per hour 




Heavy-duty “ 
(30 mA,' 
30 min/day) 


Medium-duty “ 
(37.5 mA,’ 
4h/day) 


Light-duty * 
(lOmAl 
12h/day) 


Carbon-zinc (Vidor SP2) 


1.0 


1.0 


1.0 


1.0 


Alkaline manganese 


5.5 


2.6 


2.8 


5.0 


Mercury-zinc 


26.0 


1.0 


10.0 


18.0 



End- voltage 0.8V/cell 
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useful discharge) of about 0.9V/cell is desirable but 
not always possible for many types of cell. 

Current is directly linked with voltage tolerance, 
regulation and load and, by taking into account the 
period of time for which the current is required, the 
required capacity in ampere hours can be determined. 
Ampere hour capacity of the zinc-carbon system can 
be obtained provided that the period of time for which 
current is required is known and the end-voltage to 
which the equipment can work efficiently is given. 
Electrical loading and required service life will deter- 
mine the required capacity of the battery and this is 
the basic parameter in deciding the type of cell to be 
used. Duty cycle may also be a factor in the choice of 
battery. Applications requiring heavy pulses of short 
duration will be met by a battery with a different 
internal construction from that used for a very low 
continuous current duty. 

Batter}' volume is dependent on the required voltage, 
ampere hour capacity, temperature and termination and 
is dictated in many cases by the commercially available 
types such as the round cell range and layer stack 
batteries. Primary batteries are made up of individual 
cells; in the case of carbon-zinc batteries these can be 
round or flat cells. A primary battery made from fiat 
cells, known as a ‘layer stack’, generally gives a higher 
voltage and consequently lower capacity than a round 
cell battery of the same volume. The trend is to fit 
all round cells into equipment, but by careful selection 
of round cells and a layer stack battery the volume 
required by the batteries can be reduced by more than 
40% in some cases. Such combinations have been very 
successful in reducing the size of military portable 
communication transceivers. In special applications 
for industrial and military use, shape is generally as 
important as volume. 

If a standard commercial battery' or cell is chosen, 
the size and type of terminals are already specified, but 
care is none the less required; for example, on round 
cells the tolerance allowable (BS 397: 1976, Primary 
Cells and Batteries, covering R20, D size (American 
Standards Association) and Vidor SP2) is 2.3 mm in 
height and 1.6 mm in diameter. The difference in size 
between cells from different manufacturers is particu- 
larly apparent when several cells are connected end to 
end in series. The construction of a battery container 
to allow for the difference can be difficult and expen- 
sive. The use of layer stack batteries having connec- 
tors, in which there is no such build-up of tolerances, 
can therefore greatly simplify the construction of the 
battery container. In applications for industrial and mil- 
itary use, termination is of major importance and much 
attention is paid to terminal design so that it can meet 
the environmental testing demanded. 

Allowable size and weight will sometimes determine 
which battery is selected in spite of other requirements. 
A premium is usually paid for small size with high 
output capacity. Bulky and heavy batteries can be 



reliable as well as economical if their size can be 
accommodated. 

All electrochemical systems are temperature sens- 
itive, some giving better performance than others at 
the extremes; service temperature affects both capacity 
and life. The suggested operations temperature ranges 
of some battery systems are given in Table 2.5. 



Table 2.5 



Suggested operational 
temperature range(° C) 


Battery system 


-7 to -1-54 


Carbon-zinc 


-29 to +50 


Zinc-air 


—30 to +50 


Alkaline manganese 


-20 to +50 


Mercury-zinc 


—40 to +70 


Mercury-cadmium 


-20 to +90 


Mercury-indium -bismuth 


—40 to +60 \ 


Lithium-based system, 


-54 to +60 J 


depending on type 



The majority of battery manufacturers publish dis- 
charge figures taken at 20°C. By the correct matching 
of size and current drain, the carbon-zinc and other 
primary systems can successfully be operated at lower 
temperatures than those indicated, but liaison with the 
battery manufacturer is essential. 

To select a system that can be stored and operated at 
the extreme temperatures of —40 to +90°C-a require- 
ment with which battery manufacturers are sometimes 
presented - is difficult and expensive; therefore it is 
important to specify temperature requirements, partic- 
ularly the dwell times at the extremes. This is essen- 
tial information which the designer of the equipment 
should be able to give to the battery manufacturer. 

Table 2.6 gives a guide to the period, at 20°C, for 
which some battery systems can be stored, at the end 
of which the cells would have retained between 80 and 
90% of their capacity. 



Table 2.6 



System 


Shelf life 
at 20° C 
before use* 
(months) 


Carbon-zinc 


18-30 


Alkaline manganese 


18-30 


Mercury-zinc 


24-30 


Mercury-indium-bismuth 


36 


Mercury-cadmium 


48 


Air depolarized 


48 


Silver oxide-zinc 


18 


Lithium-sulphur dioxide 


60 


* Varies with cell size 
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Shock or vibration may indicate the need for a 
rugged battery construction. Unusual rates of acceler- 
ation or high-altitude operation are also vital environ- 
mental considerations. Storage time and temperature 
under any of these conditions should be noted. 

It should be noted from Table 2.3 that batteries with 
different types of electrochemical system are chosen 
for different types of duty application. Obviously, 
some batteries based on a particular type of electro- 
chemical system are more suited to particular applica- 
tions than are others, and here one is confronted with 
the dilemma that any particular primary' battery manu- 
facturer will have only some of these electrochemical 
systems included in their range and that the one recom- 
mended may not be absolutely the best from the total 
range available. It is advisable, therefore, to discuss 
battery' requirements at an early stage of design with 
several battery suppliers covering the whole range of 
types of battery. 

2.1.2 Batteries in miniature equipment 

Miniature applications have become more important in 
recent years with the general acceptance of the behind- 
the-ear hearing-aid and the advent of the electronic 
watch. High energy density per unit volume is the 
prime requirement for a battery in these products. The 
mercuric oxide-zinc, silver oxide-zinc, zinc-air and 
lithium-based systems appear to be likely contenders 
for this market. Although the last two types of battery 
have been produced in sizes suitable for miniature 
applications, they are not widely available in this 
format. These systems will therefore be discussed later 
in their usual cylindrical form, and the conclusions 
drawn then may explain the difficulties that have 
prevented their wide acceptance. 

The mercuric oxide-zinc cell for miniature applica- 
tions is usually based on the familiar ‘button’ construc- 
tion using a compressed cathode of mercuric oxide and 
graphite (added for conductivity) in a plated steel can. 
The cell seal is supported by a cathode sleeve on top 
of which is placed a synthetic separator and an elec- 
trolyte absorbing pad; the electrolyte is a solution of 
potassium hydroxide. The amalgamated zinc anode is 
added and the cell sealed with a polymeric gasket and 
a metal top cap. 

The mercury cell has a low internal resistance and 
high cathode efficiency. Discharge characteristics are 
substantially flat, an obvious advantage for hearing- 
aid use. Capacity retention of the system on storage 
is good. Multi-cell batteries using the mercury system 
are available for applications requiring higher voltages, 
and some cylindrical sizes are produced. In general, the 
high cost of the system restricts it to those uses where 
space is at a premium or where voltage regulation is 
critical. 

In hearing-aids, the current drain may be of the order 
of 1 mA for a total discharge of several days. The 
low-resistivity separator is able to retain the droplets 



of mercury that form as the cathode is discharged. 
In a watch, the batteries must perform adequately 
over a period of months or years, and the discharge 
pattern may be one of short periods of a drain of 
tens of milliamperes superimposed on a microampere 
continuous drain. Under these conditions a separator 
with carefully controlled properties is required to avoid 
possible mercury penetration and short-circuiting of 
the cell. 

Silver oxide-zinc cells are often specified for elec- 
tronic watch applications. Sodium hydroxide elec- 
trolyte, which has a lower conductivity than potassium 
hydroxide, is often used because it has a lower ten- 
dency to ‘creep’ at the seal. The separator in the silver 
oxide system must retain soluble silver species pro- 
duced by chemical dissolution of the oxide, and a mul- 
tiple layer separator of low-porosity film achieves this. 

There are two types of silver oxide cell; one has 
a cathode of monovalent silver oxide (Ag 20 ) and the 
other type uses divalent silver oxide (AgO). The latter 
type has a higher theoretical potential (1.8 V) and, 
because there is an additional chemical reduction from 
AgO to Ag 2 0 it has a higher capacity. (The theoretical 
energy density is 424 W h/kg.) The two-stage reduction 
process would normally result in a discharge curve 
with two plateaux at 1 .7 and 1 .5 V and the voltage drop 
in the middle of discharge may necessitate a voltage 
regulator in the equipment. If the surface layer of the 
electrode is of Ag 2 0, however, discharge takes place 
at the lower potential throughout. In order to achieve 
voltage stability, the surface may be treated to reduce 
AgO to Ag 2 0 or, in various patented arrangements, 
a ‘dual-oxide’ system may be adopted. Higher raw 
material costs mean that silver oxide cells are more 
expensive than their mercury equivalents. 

2.1.3 Portable-in-use batteries 

This category includes test equipment, portable radio 
apparatus, lighting and calculators, and is a much 
larger market than the miniature or transportable 
sectors. 

Lithium has several advantages as a possible anode 
material for an electrochemical power source. It has 
a low equivalent weight and density and is the most 
electronegative element that is solid at normal tempera- 
tures. However, lithium reacts with water, the common 
electrolyte solvent, and with most non-metallic ele- 
ments and compounds; it is therefore normally essen- 
tial to use a noil-aqueous electrolyte. 

Solid electrolyte lithium batteries have been 
produced for low-drain applications. The Catalyst 
Research Corporation produce a lithium-iodine 
solid electrolyte system, rated at 20,uA for heart 
pacemaker use. 

For a battery that is to sustain high current densities 
at ambient temperatures, a solid electrolyte is unlikely 
to be acceptable. A suitable electrolyte solvent must 
provide stable solutions of the electrolyte over a wide 




2/12 Guidelines to battery selection 



temperature range and be stable towards lithium and 
the cathode material. 

In order to exploit the value of a lithium-based sys- 
tem to the maximum, the positive electrode (cathode) 
material should also be of high energy density. The 
search for the ideal combination of cathode mater- 
ial and electrolyte has attracted a great deal of effort 
in the 1970s. The lithium-polycarbon-monofluoride 
system is one of two lithium systems that have been 
commercially promoted. Developed by the Matsushita 
Electric Industrial Co. in Japan, the cells are avail- 
able in several cylindrical sizes. The patented cathode 
material is of the form (CF t )„ where x has a value 
between 0.5 and 1 .0 and is formed by reacting carbon 
with fluorine under various conditions of temperature 
and pressure, depending on the type of carbon used 
as the stalling material. Except where batteries are 
intended for low-rate applications, acetylene black or 
graphite is added to the electrode to improve con- 
ductivity. The electrolyte is lithium tetrafluoroborate 
dissolved in a-butyrolactone. Honeywell Inc. and the 
Mallory Battery Co. in the United States have intro- 
duced lithium batteries based on the lithium-sulphur 
dioxide electrochemical couple. The positive active 
material in these batteries, liquid sulphur dioxide, is 
dissolved in an electrolyte of lithium bromide, ace- 
tonitrile and propylene carbonate, and is reduced at a 
porous carbon electrode. 

Both types of lithium battery have a spiral-wound 
electrode pack, made up from rectangular foil elec- 
trodes. Lithium foil is rolled on to an expanded metal 
mesh current collector as the negative electrode, and 
is separated from the similarly supported cathode by a 
polypropylene separator. 

Practical open-circuit voltages of the lithium- 
polycarbon- monofluoride and lithium- sulphur dioxide 
systems are approximately 2.8 V and 2.9 V respectively 
at 20°C. The high voltage means that these batteries are 
not interchangeable with other electrochemical systems 
in existing equipment, unless a ‘dummy’ cell is also 
included. 

The high volumetric energy densities reflect the 
high voltages of the lithium-based systems. One reason 
for some lack of acceptance in miniature applications 
is that although one lithium cell could be specified 
where it is necessary to use two mercury cells in 
series, a lithium button cell would have a capacity 
approximately one-half that of the equivalent mercury 
cell, and the frequency of battery changing would in 
extreme cases be correspondingly increased. 

The volumetric ampere hour capacity of mercuric 
oxide-zinc cells is higher than that of lithium-based 
systems. However, in many cases using two lithium 
cells in parallel or one larger lithium cell will give 
the same ampere hour capacity that can be achieved 
in an equal or even smaller volume than an equiv- 
alent two-cell series mercury-zinc battery of similar 
voltage. This is illustrated in Table 2.7, which gives a 



Table 2.7 





Lithium-sulphur 

dioxide 


Mercuric 
oxide -zinc 


Volumetric energy 
density (Wh/dm 3 ) 


420 


500 (best) 


Normal working 
voltage (V) 


2.75 


1.25 


Volumetric capacity 
(Ah/dm) 


153 


400 


Relative cell volume 
per Ah 


2.6 


1.0 



comparison of lithium-sulphur dioxide and mercuric 
oxide-zinc cells. 

Thus one lithium-sulphur dioxide cell (voltage 
2.75 V) occupies about 30% more space than 
two series mercuric oxide-zinc cells (voltage 
2.5 V). Admittedly, this compares the worst cited 
case for lithium against the best for mercuric 
oxide-zinc. Higher energy density systems such 
as lithium-vanadium pentoxide and lithium-sulphur 
dioxide would show significant volume savings over 
an equivalent ampere hour mercuric oxide-zinc 
system. In fact lithium-sulphur dioxide systems 
are being increasingly considered for high-rate 
miniature power source applications including military 
applications where it is found that a two-cell mercuric 
oxide-zinc battery can occupy considerably more 
space than the equivalent lithium-sulphur dioxide 
cell; there are the added advantages inherent in the 
lithium-sulphur dioxide system of excellent storage 
life (5-10 years, that is, very low self-discharge), 
wide operating temperature range (—50 to +60°C) and 
stable voltage characteristics on load. 

The reactivity of lithium necessitates controlled- 
atmosphere assembly - in some cases the use of expen- 
sive materials in the cell construction to avoid cor- 
rosion, and in some cases (for example, lithium- 
sulphur dioxide) the provision of a sophisticated seal 
design. 

Although lithium batteries have high-rate discharge 
capability, their use at very high rates or accidental 
shorting could result in temperatures leading to seal 
failure or explosion. Manufacturers have incorporated 
vents and/or fuses to minimize these risks. 

The zinc-air system, which attracted a great deal 
of investment in the late 1960s and early 1970s to 
make a consumer product in standard cylindrical sizes, 
suffered initially from four problems. It was difficult 
to produce air-breathing cathodes of consistent qual- 
ity, the need to allow air into the cell led to elec- 
trolyte leakage; carbonation of the electrolyte occurred 
on long-term discharge; during intermittent discharge 
oxygen ingress products caused wasteful corrosion of 
the active material. 
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Despite these initial difficulties, commercially avail- 
able D and N cells were available in the UK in the 
early 1970s. The ECL D-size cell outperformed D-size 
nickel-cadmium cells under most conditions, except 
at sub-zero temperatures, in a military ‘manpack’ 
radio application. The cost of this zinc-air cell was 
about 25 % of that of an equivalent nickel-cadmium 
cell and proved to be more economical. However, 
the nickel-cadmium cell had the advantage of being 
rechargeable. (Primary zinc-air batteries were used 
extensively during the Vietnam War.) The N-size cell 
has been used successfully for the small pocket paging 
equipment market. The demise of zinc -air D and N 
cells rests on economic factors rather than on technical 
grounds. The picture for zinc-air button cells is quite 
different; Gould have manufactured them in the USA 
for several years for applications such as hearing-aids, 
watches, etc., and Gould and Berec have both been 
marketing them in the UK since 1980. 

Leclanche and alkaline manganese batteries retain 
the great majority of the primary battery market for 
portable-in-use applications. They are widely available 
in a variety of equivalent cylindrical sizes. 

The Leclanche system has the property of ‘recov- 
ering’ during rest periods in the discharge regimen. 
This property and the low cost resulting from high- 
volume automated manufacture make the Leclanchd 
ideal for the intermittent usage pattern found in most 
consumer appliances. Figure 2.4 shows the effect of 
increased current drain on the service life of the SP2 
(R20 size) battery. The discharge period is 5 h/day to 
an end-voltage of 0.9 V. 

For higher current drains, for example in motorized 
equipment, a high-power (HP) battery should be used. 
HP batteries contain electrolyte or chemically prepared 
manganese dioxides, which have enhanced discharge 
properties. Figure 2.5 compares SP11 and HP11 (R14 
size) types on a 1 0 ST2, 2 h/day discharge - the advan- 
tage of using the high-power type is obvious. For 




Figure 2.4 SP2 (R20) Leclanche cells. Effect of increased current 
drawn on service life 




Figure 2.5 Heavy duty effect. SP11 and HP11 (R14) alkaline 
manganese dioxide batteries. Beneficial effect of using a high- 
power battery (HP11) on service life; high current drain (1 0 S2, 
2 h/day discharge) 




Figure 2.6 Low discharge effect. SP11 and HP11 (R14) alkaline 
manganese dioxide batteries. Effect of using a high-power battery 
(HP1 1) on service life; high current drain (300 £ 2 , 2 h/day discharge) 

low-rate discharges, the additional cost of the HP ver- 
sion is not warranted; Figure 2.6 compares the same 
cells on a 300 ft, 2 h/day discharge. 

The storage properties of modern Leclanche batter- 
ies are much better than those of early dry batteries 
because of technological improvements. For example, 
average discharge levels of SP11 and HPil batter- 
ies, on radio and tape recorded discharge respectively, 
after 2 years’ storage at 20°C, are over 95% of those 
obtained for similar batteries discharged within a few 
weeks of production. 

Transistor applications require multiples of the unit 
cell voltage; the layer stack (‘power pack’) format 
provides a convenient battery in a smaller volume 
than the equivalent combination of round cells. Only 
one unit needs to be replaced, and connection is 
by simple non-reversible press studs ensuring correct 
polarity. Selection of the most economical layer stack 
battery should be made in conjunction with the battery 
manufactuer. Specification of a battery which is too 
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Figure 2.7 Size effect. Leclanche batteries: comparative service 
lives of two 9 V power packs, PP9 and PP6, on a 450 Cl, 4h/day 
discharge 

small for the current drain can lead to unnecessarily 
frequent battery replacement. Figure 2.7 shows the 
comparative service lives of two 9 V power packs, PP9 
and PP6, on a 450 4h/day discharge. 

The additional cost of the alkaline manganese con- 
struction is usually not warranted for intermittent 
discharges, despite its improved performance. For 
example, comparing an HP2 Leclanche cell with an 
Mnl300 (IECL.R 20) alkaline manganese cell on a 
5 £2, 2h/day discharge to an end-voltage of 1.1 V, 
the Mnl300 gives twice the discharge life but costs 
three times as much as the F1P2. Only on continuous 
high-rate discharges does the alkaline manganese sys- 
tem have an undoubted economic advantage. It is also 
recommended for low-temperature discharges. 

Magnesium cells incorporate a manganese dioxide 
cathode, magnesium anode and magnesium perchlor- 
ate or bromide electrolyte. They have excellent shelf 
storage properties, and a higher energy density than the 
Leclanche battery. However, they have a non-standard 
voltage and a characteristic voltage drop at the begin- 
ning of discharge. On intermittent use, gassing at the 
magnesium electrode means that the batteries cannot 
be properly sealed. 

Where a rechargeable power source is required for 
portable-in-use apparatus, the nickel-cadmium system 
is generally specified. Nickel-cadmium batteries and 
cells are available in a wide range of cylindrical and 
button sizes, and they are ideally suited to high-rate 
applications. Both sintered electrode cylindrical batter- 
ies and mass plate electrode button cells constructions 
are available. The following discussion refers largely 
to the former type, since these occupy the major part 
of the market. 

Because of the low internal resistance of 
nickel -cadmium batteries, constant-current charging is 
recommended to avoid elevated battery temperatures 
and thermal runaway. Batteries that have been 



discharged to 1.0 V may be brought to the fully 
charged state in 12 h by charging at the C 8 rate. The 
nickel -cadmium system will accept overcharge more 
readily than the lead-acid battery, but for permanent 
trickle charging a lower charge current than the above 
is recommended. 



2.2 Secondary batteries 

Table 2.8 shows, in order of increasing gravimet- 
ric density, the gravimetric and volumetric densities, 
the open circuit and on-load cell e.m.f. values and 
the minimum and maximum recommended operat- 
ing temperatures of a range of secondary batter- 
ies. For simplicity, Table 2.8 tabulates the mean data 
and some features that make these batteries attrac- 
tive for particular applications. It is now possible 
from the data in Table 2.9 to approximately rank sec- 
ondary batteries in order of increasing gravimetric 
energy density and on-load voltage, to take but two of 
the important battery parameters. Table 2.10 shows, 
for example, that lead-acid, nickel -cadmium, sil- 
ver-cadmium, nickel-zinc and nickel-hydrogen are 
in the lower energy density groups; silver-hydrogen, 
silver-zinc, zinc-chlorine and zinc-air are in the 
medium energy density group; and sodium-sulphur, 
lithium-chlorine and lithium-sulphur are in the high 
energy density group. This general impression is con- 
firmed by examination of Figure 2.8 which presents 
gravimetric energy density data at the 5 h rate of dis- 
charge, obtained from another source. 

With data of this type, it is possible to make a start 
in the process of selecting a suitable type of secondary 
battery to meet a particular application. However, as 
discussed in Section 2.1 on primary batteries, many 
other considerations would apply in making the final 
selection. 

As in the case of primary batteries (see Figures 2.2 
and 2.3) it is possible to plot commercial volumet- 
ric versus gravimetric energy densities of secondary 
batteries as shown in Figure 2.9, which indicates a rea- 
sonably good correlation between the two parameters. 
Average densities are between 1.8 and 2.3 g/cm 3 com- 
pared to 2.0-3.2g/cm 3 for primary batteries. 

The number of applications calling for an integrated 
energy system has been increasing impressively. To 
meet the varied power needs of these applications, 
manufacturers have created a number of variations 
within each family of available systems. 

Battery designs that provide such advantages as 
recyclability, extended shelf life prior to use, remote 
activation, adjustment in load current with minimum 
voltage variations, and operation under extreme tem- 
perature conditions, have been developed over the 
years. All these performance characteristics, however, 
cannot be found in any one battery design; a few 
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Table 2.8 Energy densities of secondary batteries 



Batteiy system 


Open circuit 
voltage per 
cell (V) 


On-load 
voltage per 
cell (V) 


Practical energy density 


Operating 




Wh/kg 


Wh/dm 3 


temperature 

(°C) 


Sealed lead-acid 


Eagle Picher 


2.12 


1.50-2.00 


18-33 


43-85 


—40 to 60 


Sonnenschein 


- 


- 


23-34 


51-83 


- 


Other sources 


2.10 


- 


22-33 


49-83 


-51 to 70 


Unsealed lead-acid 


2.10 


- 


15-26 


31-122 


-54 to 54 


Silver-cadmium-as cells 


Eagle Picher 


1.40 


0.80-1.10 


24-73 


40-180 


-40 to 43 


Yardney 


- 


- 


40-75 


91-165 


- 


Silver-cadmium-as batteries 


Eagle Picher 


1.40 


0.80-1.10 


18-44 


24-122 


-40 to 43 


Yardney 


- 


- 


18-51 


- 




SAFr 


- 


- 


30-75 


40-150 


-47 to 75 


Other sources 


- 


- 


77 


171 


- 




1.40 


- 


24-120 


37-250 


-48 to 71 


Sealed nickel-cadmium 


Eagle Picher 


1.30-1.35 


1.00-1.25 


18-44 


37-120 


-40 to 70 


Nife 


- 


- 


24-35 


60-91 


- 


button mass 


- 


- 


21-22 


61-62 


- 


round mass 


- 


- 


22 


69 


- 


round sintered 


- 


- 


22 


78 


- 


rectangular mass 


- 


- 


18 


37 


- 


rectangular sintered 


- 


- 


21 


52 


- 


other sources 


1.35 


- 


26-37 


61-85 


—40 to 60 


Vented nickel-cadmium 


Nife 


1.35 




26-44 


61-99 


-51 to 60 


Nickel-zinc 


Eagle Picher 


1.85 


1.5-1.65 


29-55 


60-110 


-40 to 93 


Yardney 


- 


- 


44-77 


79-134 


- 


Other sources 


1.71 


- 


up to 66 


134 


- 




- 


- 


33-77 


67-134 


-48 to 71 


Alkaline manganese rechargeable* 


- 


- 


50 


- 


- 



Silver-zinc (theoretical 440Wh/kg) 



as cells 


1.85 


1.30-1.55 


55-209 


80-415 


-40 to 74 


as batteries 


1.85 


1.30-1.55 


37-114 


55-262 


-40 to 74 


Yardney 


- 


- 


70-120 


120-250 




SAFr 


- 


- 


50-150 


80-300 


-40 to 75 


Other sources 


- 


- 


55-220 


80-610 


-48 to 71 




- 


- 


123 


220 


- 




- 


- 


130 


- 


- 


Silver-zinc (remotely activated) 
Nickel-hydrogen 


1.85 


1.20-1.55 


11-110 


24-240 


-35 to 49 


Eagle Picher 
Silver-hydrogen 


1.40 


1.20-1.30 


56-67 


55 


-18 to 27 


Eaale Picher 


1.50 


1.00-1.10 


90-100 


60 


4 to 27 


Zinc-chlorine* 


- 


- 


130 


- 


- 


Zinc-air* 


- 


- 


150 


- 


- 


Sodium -sulphur* 


- 


- 


240 


- 


- 


Lithium-chlorine* 


- 


- 


330 


- 




Lithium-sulphur* 


- 


- 


370 


- 





'At 5 h rate 




Table 2.9 Mean secondary battery data 





On-load 
voltage per 
cell (V) 


Operating temperature 

CO 


Mean energy 
density 


Attractive features 




Minimum 


Maximum 


W li/kg 


Wh/dm 3 




Unsealed lead-acid 


1.50-2.00 


-54 


54 


20 


76 


Inexpensive, reliable life, cycling ability 


Sealed nickel -cadmium 


1.00-1.25 


-40 


65 


24 


65 


Reliable cycling ability over a period measured in years 


Sealed lcad-acid 


1.50-2.00 


-45 


65 


27 


65 




Unsealed nickel -cadmium 


1.00-1.25 


-51 


60 


35 


80 




Silver-cadmium 


0.80-1.10 


-44 


58 


53 


120 


Lligh energy density, ability for voltage regulation 


Nickel -zinc 


1.50-1.65 


-44 


82 


56 


106 


throughout cycle life of 0.5-3 years 

Low and high rate capabilities over wide temperature 


Silver-zinc (remotely activated) 


1.20-1.55 


-35 


49 


60 


132 


range 

Unlimited shelf life, instantaneous activation at 


Nickel -hydrogen 


1.20-1.30 


-18 


27 


62 


55 


temperatures of —54 to 93°C 

Long life, rechargeable system, capable of operating over 


Silver-hydrogen 


1.00-1.10 


4 


27 


95 


60 


years 

High energy density, rechargeable capability for 1-3 


Silver-zinc 


1.30-1.55 


-42 


-73 


113 


223 


years’ operation 

Where maximum energy density and voltage regulation is 


Gravimetric energy density only 
Zinc-chlorine 








130 




required throughout a cycle life period of 0.5- 1 year 


Zinc -air 


- 


- 


- 


150 


- 




Sodium-sulphur 


... 


- 


- 


240 


- 


■ Very high density applications, e.g. electric automobiles 


Lithium-chlorine 


- 


- 


- 


330 


- 




Lithium-sulphur 




- 


- 


370 


- 
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Figure 2.8 Typical energy densities at 5h rate of discharge for known electrochemical cells 



Table 2.10 Ranking of energy density and on-load voltage of 
secondary batteries 



Ranking in terms of 
gravimetric energy 
density (Wh/kg) 




Ranking in terms of on-load 
voltage (V) 


lead-acid 


~20 


Silver-cadmium 


0.81-1.10 


nickel-cadmium 


~35 


Silver- hydrogen 


1.00-1.10 


Silver-cadmium 


53 


Nickel-cadmium 


1.00-1.25 


Nickel-zinc 


56 


Nickel -hydrogen 


1.20-1.30 


N ickel -hydrogen 


62 


Silver-zinc 


1.30-1.55 


Silver-hydrogen 


95 


Nickel-zinc 


1.50-1.65 


Silver-zinc 


113 


lead-acid 


1.50-2.00 


Zinc-chlorine 


130 






Zinc-air 


150 






Sodium-sulphur 


240 






Lithium-chlorine 


330 






Lithium-sulphur 


370 







are incompatible and some features must be subor- 
dinated to others. To achieve optimum performance 
in each application, therefore, it is necessary to direct 
the design of the battery systems towards meeting the 
critical needs of the application. 

Five major types of secondary rechargeable batter- 
ies are lead-acid, nickel-cadmium, silver-zinc, sil- 
ver-cadmium and nickel-zinc, and these are discussed 
in more detail below. 

2.2.1 Lead-acid batteries 

The lead- acid battery' is the most widely used of the 
five mentioned, its main application being in the auto- 
motive field. Its advantages are low cost, high voltage 
per cell and good capacity life. Its disadvantages are 
that it is relatively heavy, it has poor low-temperature 
characteristics and it cannot be left in the discharged 
state for too long without being damaged. 
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life and indefinite shelf life in any state of charge with- 
out electrode deterioration are advantageous. They are 
particularly suitable for trickle charge uses such as 
emergency lighting. 



2.2.2 Nickel-cadmium batteries 

The nickel-cadmium battery is mechanically rugged 
and long lived. In addition it has excellent low- 
temperature characteristics and can be hermetically 
sealed. Cost, however, is higher than for either the 
lead-acid or the nickel-zinc battery and, by compar- 
ison, its capacity on light drain in terms of watt hours 
per kilogram is also poorer than for nickel-zinc. 

For many everyday batteries, the choice is still 
between the lead-acid and the nickel-cadmium sys- 
tems, rather than the more recently developed systems 
discussed below. 

Each of these two main types of battery has its own 
advantages and the choice between nickel -cadmium 
and lead-acid batteries depends very much on the 
particular application and on the performance charac- 
teristics required. 

In addition to these two types of battery, there are 
several others which, because of their higher cost, are 
not used as extensively, but are nevertheless of direct 
interest in particular fields. This is because of their out- 
standing performance characteristics in certain special- 
ized applications, e.g. silver- zinc and silver-cadmium 
batteries. 



Figure 2.9 Gravimetric versus volumetric energy densities (com- 
mercial) of secondary batteries. Mean literature values „ „ _ . .... 

2.2.3 Silver-zinc batteries 



Since the late 1950s sealed rechargeable batteries 
based on the lead-lead dioxide couple have become 
available and while these are not produced in the same 
quantities as the non-sealed type their uses are increas- 
ing. For transportable applications weight is not of 
major importance, while the power requirements of 
the apparatus may be considerable. Here the lead-acid 
battery has the advantage of low cost. Transportable 
batteries are usually of the rechargeable type and are 
discussed later. The disadvantages associated with this 
system in its usual form, the SLI (starting, lighting 
and ignition) battery for vehicles, have been largely 
overcome by the low-maintenance types of lead -acid 
battery' now available. Valve regulated lead-acid bat- 
teries are now a permanent feature of the business. 

Charging may be carried out with a simple charger 
under controlled-time conditions. The rated capacity 
is given at the C 20 rate, that is, the capacity obtained 
when a fully charged battery is discharged to bring it 
to an end-voltage of 1.75 V/cell in 20h. 

Sealed nickel-cadmium batteries have a higher ini- 
tial cost, but these batteries may be economical for 
some transportable applications, where their long cycle 



Rechargeable silver-zinc batteries can provide higher 
currents, more level voltage and up to six times greater 
watt hour capacity per unit weight and volume than the 
lead-acid, nickel-zinc and nickel-cadmium storage 
batteries. Because it is capable of delivering high watt 
hour capacities at discharge rates less than 30 min, the 
silver-zinc battery is used extensively for missile and 
torpedo applications. Its high energy density makes 
it attractive in electronics applications, satellites and 
portable equipment where low weight and high perfor- 
mance are prime considerations. It is highly efficient 
and mechanically rugged, operates over a wide temper- 
ature range and offers good shelf life; quick readiness 
for use and the ability to operate at — 40°C without 
heating are two of the features of this battery. It is 
available in both high-rate and low-rate cells. Until 
now, the fact that it is more expensive, sensitive to 
overcharge and has a shorter cycle life than ordinary 
storage batteries has limited the silver-zinc battery to 
applications where space and weight are prime con- 
siderations. However, long-life silver-zinc batteries 
have been developed in which some 400 cycles over a 
period of 30 months’ application have been achieved. 
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2.2.4 Silver-cadmium batteries 

The silver-cadmium battery combines the high energy 
and excellent space and weight characteristics of the 
silver-zinc battery with the long-life, low-rate char- 
acteristics and some resistance to overcharge of the 
nickel-cadmium battery. The battery also provides 
high efficiency on extended shelf life in charged or 
uncharged conditions, level voltage and mechanical 
ruggedness. Watt hour capacity per unit of weight 
and volume are two to three times greater than those 
of a comparable nickel-cadmium battery and it has 
superior charge retention. The silver-cadmium battery 
promises great weight and space savings and superior 
life characteristics to those of the nickel-cadmium bat- 
tery currently used as storage batteries in most satellite 
programmes. 

Today a silver-zinc system offers the greatest avail- 
able energy density in terms of watt hours per kilo- 
gram. There are newer so-called high energy density 
couples which have been under development for many 
years; the effective energy density of many of these 
systems tends to decline as they are developed close 
to the point of practical utilization. In addition, chronic 
safety problems have already caused serious difficul- 
ties with the lithium systems and are potentially dan- 
gerous in others, most of which are high-temperature 
systems based on volatile materials. The use of silver 
as a couple obviously increases initial costs (although 
silver costs are recoverable) when compared to other 
existing systems such as lead-acid, nickel-cadmium, 
etc. When space and weight are limiting factors, the 
silver- zinc system is a very attractive proposition. 

Other metal couples that are considered at present 
to be of great potential are the nickel-hydrogen and 
nickel-zinc systems. These may be batteries of the 
future in applications such as utilities load levelling 
and electric vehicles; the latter type is, in fact, now in 
commercial production. 

2.2.5 Nickel-zinc batteries 

With the development of new separators and improved 
zinc electrodes, the nickel-zinc battery has now 
become competitive with the more familiar battery 
systems. It has a good cycle life and has load-voltage 
characteristics higher than those of the silver-zinc 
system. The energy per unit of weight and volume 
are slightly lower than those of the silver-cadmium 
system. Good capacity retention (up to 6 months) 
has made the nickel-zinc battery a more direct 
competitor of the silver-zinc and silver-cadmium 
systems. Nickel-zinc batteries are not yet available 
in a sealed form. 

2.2.6 Cadmium-air batteries 

Rechargeable cadmium-air and zinc-air batteries are 
currently still only at the development stage and may 



not be commercially available for several years. Cer- 
tainly, sealed versions of these batteries can only be 
considered to be a prospect for the future. The cad- 
mium-air system has a theoretical energy density of 
445 W h/kg. The cadmium anode used is the type that 
has demonstrated good stability and low seif-discharge 
in other alkaline systems. The air cathode is similar to 
that used in the mechanically rechargeable zinc-air 
battery. The battery consists of two air cathodes in 
parallel, positioned on the two sides of a plastics 
frame, and one anode. The bifunctional air electrode 
can be used for both discharge and charge. Over 300 
cycles have been obtained with the best combination 
of materials. 

There are several problems associated with the 
operation of the cadmium-air battery, such as the 
loss of cadmium on cycling, cadmium penetration and 
poisoning of the air electrode by a soluble cadmium 
species migrating to the air electrode. Water must 
be added to this cell periodically because water loss 
occurs by transpiration of water vapour through the 
air electrode - a characteristic of batteries using an 
air electrode. Operating cell voltage varies between 
0.70 and 0.85 V at the C/2 to C/10 rate (that is, the 
discharge current is numerically equal to one-half to 
one-tenth of capacity, C). At these rates practical bat- 
teries produce 80-90 W h/kg and 14-24 Wh/dm 3 . 



2.2.7 Zinc-air batteries 

Development of the zinc-air electrically rechargeable 
battery is under way. Experimental cells have given 
155-175 Wh/kg at the C/5 rate of discharge. These 
energy densities are approximately twice those of the 
best existing rechargeable systems. However, there is 
the problem of internal shorting after several cycles 
as a result of zinc dendrite growth. This problem can 
be overcome to a great extent by proper selection 
of separator materials. It was also found that the 
air electrodes, which contain platinum as the catalyst 
and have been used successfully in the mechanically 
rechargeable zinc-air battery and the cadmium-air 
electrically rechargeable battery', do not function in 
the charging as well as the discharging mode. This 
is because platinum on the anode surface acts as a low 
hydrogen overvoltage site, thereby enhancing zinc self- 
discharge and reducing the available capacity of the 
zinc electrode. Thus, until an adequate air electrode 
is developed, a third electrode will be required for 
charging purposes. 

Table 2. 1 1 compares some basic parameters of the 
five main types of rechargeable battery system. Some 
of these data must, of course, be interpreted with cau- 
tion - particularly energy density data. Discharge char- 
acteristics for these five types of battery are compared 
in Figure 2.10. 




Table 2.11 Rechargeable battery systems-basic parameters 





Nickel- 


-cadmium 


Lead- 


-acid 


Nickel-zinc 


Silver-zinc 


Silver-cadmium 




Sealed 


Vented 


Storage 


Sealed 








Cathode 


nickel 

hydroxide 


nickel 

hydroxide 


lead dioxide 


lead dioxide 


nickel 

oxyhydroxide 


silver oxide 


silver oxide 


Anode 


cadmium 


cadmium 


lead-antimony 


lead-calcium 


zinc 


zinc 


cadmium 


Electrolyte 


potassium 

hydroxide 


potassium 

hydroxide 


sulphuric acid 


sulphuric acid 


potassium 

hydroxide 


potassium 

hydroxide 


potassium 

hydroxide 


Open-circuit 
voltage (V) 


1.35 


1.35 


2.10 


2.10 


1.71 


1.86 


1.40 


Energy density 
(Wh/kg) 


26-37 


26-44 


15-26 


22-33 


33-77 


55-220 


24-120 


Energy density 
(W h/dm 3 ) 


61-85 


61-91 


31-122 


49-83 


67-134 


80-610 


37-250 


Max. discharge rate 


15C 


50C 


20C 


20C 


10C 


50C 


10C 


Average discharge 
voltage (V) 


1.20 

( 1 h rate) 


1.22 

(1 hrate) 


1.80 

( 1 h rate) 


1.90 

(2 hrate) 


1.60 

( 1 h rate) 


1.50 

( 1 h rate) 


1.10 

(1 hrate) 


Normal operating 
temperature (°C) 


—40 to +60 


—51 to +60 


-54 to +54 


-51 to +71 


-48 to +71 


-48 to +71 


-48 to +71 


Normal storage 
temperature (°C) 


-51 to +71 


-51 to +74 


0 to 21 


0 to 21 


-48 to +38 


-48 to +38 


—48 to +38 


Charging method 


constant 

current 


const, current 
const, voltage 


taper current 
const, voltage 


taper current 


const, current 
const, voltage 


const, current 
const, voltage 


const, current 
const, voltage 


Charge and retention 
(50% cap. 27°C) 


60 days 


1 year 


90 days 


1.5 years 


1 year 


1 year 


2 years 


Cycle life 


100-1500 


100-3000 


10-600 


100-150 


100-200 


10-200 


100-500 


Initial cost 


high 


high 


low 


low 


high 


high 


high 
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Figure 2.10 Typical discharge characteristics of various secondary battery systems of equal weight discharging under the 
same conditions 



Table 2.12 Energy density data quoted by different manufacturers for rechargeable batteries 



Type 


Source 


Wh/kg 


Wh/dm 3 


Nickel-zinc 


Theoretical 


374 


. 




Yardney 


44-77 


79-134 




Eagle Picher 


29-75 


52-126 




Other sources 


up to 66 


134 




Other sources 


33-77 


67-134 


Nickel-cadmium 


Nife 


24-33 


61-90 


sealed 


Button mass 


21-22 


61-62 




Round mass 


22 


69 




Round sintered 


27 


78 




Rectangular mass 


18 


37 




Rectangular sintered 


21 


52 




Other sources 


26-37 


61-85 




(Vented) 


26-44 


61-99 


Silver-zinc 


Theoretical 


440 


- 




Yardney 


70-120 


150-250 




Eagle Picher 


55-209 (as cells) 


80-415 




Eagle Picher 


37-114 
(as batteries) 


55-262 




Other sources 


123 


220 




Other sources 


130 


- 




Other sources 


55-220 


80-610 


Silver-cadmium 


Theoretical 


310 


- 




Yardney 


48-75 (as cells) 


91-165 




Yardney 


18-51 

(as batteries) 






Eagle Picher 


24-73 (as cells) 


40-171 




Eagle Picher 


18 to 44 
(as batteries) 


24-122 




Other sources 


77 


171 




Other sources 


24-120 


37-250 


Lead-acid 


Sonnenschein (sealed) 


23-34 


51-83 




Other sources 


22-33 


49-83 
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As is seen in Table 2.12, the energy density data 
quoted by different battery manufacturers for any par- 
ticular type of battery vary over a wide range - more 
so in the case of the newer types of battery such as 
nickel-zinc, silver-zinc and silver-cadmium where 
battery designs have not yet been fully optimized. 
In addition to battery design, several factors such 
as battery size and whether the data quoted refer 
to a cell or a battery (vvhere the additional weight 
or volume of the outer case affects the calculated 
energy density) have to be taken into account. For sil- 
ver-zinc cells Yardney quote 70-120Wh/kg depend- 
ing on type, while Eagle Picher quote 55-209 Wh/kg 
for cells and, as would be expected, a lower value 
of 37- 114 Wh/kg for batteries (where extra non- 
capacity-producing weight is required). The theoretical 
energy density of the silver-zinc cell is 440 Wh/kg 
(that is, only weight of active material is taken 
into account, while weight of battery case, separa- 
tors and terminals is ignored). On a volumetric basis 
Yardney quote 150-250 Wh/dm 3 and Eagle Picher 
80-415Wh/dm 3 as cells and 55-262Wh/dm 3 as bat- 
teries. These data highlight the differences between the 
products and the effect on energy density of whether 
the data are calculated for a cell or for a battery. Com- 
parable data for the silver-cadmium system are as 
above. 

It is thus seen that considerable caution must be 
exercised when interpreting claims for energy density 
in manufacturers’ literature and, indeed, this comment 
would apply to many of the quoted performance data 
of cells and batteries. 

2.3 Conclusion 

In conclusion, it can be said regarding the battery 
selection process, whether primary or secondary bat- 
teries are being considered, that the design engineer 
is faced with many commercial portable power sys- 
tems in a wide variety of models. The battery selection 
process cannot therefore be reduced to an exact sci- 
ence. Seldom does any one battery system meet all 
the requirements for a given application. The selec- 
tion of a battery is further complicated by the fact that 
the performance characteristics of battery systems vary 
with temperature, current drain, service schedules, etc. 
Consequently the selection process usually involves a 
trade-off or compromise between battery requirements 
and battery system characteristics. 

The battery or portable power source is an integral 
part of the electrical system and should be considered 
as early as possible in the design process. In selecting 
a battery the following four basic steps should be 
followed: 



1. Determine the battery requirements, including: 

(a) physical - size and weight limitations, shape, 
shock and vibration resistance, operating posi- 
tion, acceleration, high-altitude use; 

(b) electrical - voltage, current drain (initial and 
operating), constant or interrupted demand, dis- 
charge schedule; 

(c) environmental - storage and operating temper- 
atures, moisture and humidity factors; 

(d) special considerations - cost, replace or re- 
charge, service life, shelf life, operating 
schedule, activation, type of terminals, end- 
point voltage (if equipment will not operate 
below a certain critical voltage). 

2. Establish relative importance of requirements- 
determine those that are mandatory and those that 
are desirable. List the requirements in order of 
importance. 

3. Compare the characteristics of each battery system 
with the battery requirements. For each requirement 
list those systems that can meet the requirement. 

4. Determine necessary compromises. The selected 
system must meet the mandatory requirements. 
Trade off on the desirable requirements, beginning 
with those of least importance. 

Through proper battery system design following the 
demands of the user, one of the following battery 
systems can be established: 

1 . An automatically activated primary. 

2. A manually activated primary. 

3. A rechargeable secondary. 

When designing for any one of the above batteries, 
the following special considerations for each of the 
systems should be kept in mind: 

1. Automatically activated primary: 

(a) Method of activation - mechanical or electrical. 

(b) Activation time required to distribute elec- 
trolyte. 

(c) Wet stand time after activation prior to applica- 
tion of load. 

(d) Orientation during activation - upright, upside- 
down, etc. 

(e) Orientation during operation. 

(0 Temperature in storage prior to use. 

2. Manually activated primary: 

(a) Soak time after activation prior to use. 

(b) Cycle life (if any) - number of charge/discharge 
cycles. 

(c) Wet shelf life (if any) - wet stand time after 
activation. 

(d) Temperature in storage prior to use. 




Conclusion 2/23 



3. Rechargeable secondary: 

(a) Cycle life - number of charge/discharge cycles. 

(b) Wet shelf life - wet stand time after activation. 

(c) Capacity as a function of cycling - capacity 
at first cycle compared with capacity at last 
cycle. 

(d) Charge retention - ability to stand in charged 
condition. 

(e) Method of recharging. 

(f) Maintenance. 



Because of the varying performance characteristics 
of battery systems under different conditions, it is 
virtually impossible to select the battery best suited for 
a particular application. In selecting the proper battery 
for a specific application, the designer should consult 
battery specialists for assistance early in the design 
process. Since the battery is an integral part of the 
electrical system, unwarranted and costly compromises 
may be avoided by coordinating battery selection and 
product design. 
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3.1 Open-type lead-acid batteries 

The lead-acid battery is still the most widely used, 
its main application being in the automotive field, 
although it lias a growing number of other applica- 
tions. Its advantages are low cost, high voltage per cell 
and good capacity life. Its disadvantages are that it is 
relatively heavy, it has poor low-temperature charac- 
teristics, and it cannot be left in the discharged state for 
too long without being damaged. Since the late 1950s 
sealed rechargeable batteries based on the lead-lead 
dioxide couple have become available and while these 
are not produced in the same quantities as the non- 
sealed type their uses are increasing. 



3.2 Non-spill lead-acid batteries 

Several manufacturers supply small lead-acid bat- 
teries which, although not sealed, are specifically 
designed to be spillproof. Thus, although these bat- 
teries will require topping up with electrolyte during 
their life, they have specific advantages in the field 
of portable battery-operated equipment. Sonnenschein 
manufacture a range of spillproof accumulators with 
capacities between 2 and 9.5 Ah designed for use 
with photoflash equipment and other portable units 
(Table 50.23). These batteries are housed in a tough 
transparent plastics case and feature a labyrinth-like 
constmction below the vent opening through which no 
acid will pass even with extreme changes of position 
and vibration. The vent does, however, permit the pas- 
sage of gases during charging. Each individual cell has 
an indicator based on floats, which accurately indicates 
the state of charge. The batteries at — 40°C retain 38% 
of the capacity they possess at 20°C. These batteries 
are available in two versions; standard and permanent. 

The standard batteries are traditional lead accumu- 
lators. When not in use, depending on the ambient 
temperature, recharging is required every 4-6 weeks 
to compensate for the self-discharge. They are extra- 
ordinarily resistant to frequent cycling operation and 
are outstanding for requirements where regular use 
without long idle periods is likely to occur. Even in 
case of intensive use they have an excellent lifetime. 
Permanent batteries, in contrast, may be stored at an 
average ambient temperature of 20°C for some months 
without maintenance and should be recharged after 10 
months (older batteries after 6 months). Discharged 
permanent batteries should be recharged within 2 
weeks. Their low self-discharge is achieved through 
the use of a special lead alloy. These batteries are 
intended especially for use in applications where they 
are not used regularly. Their expected lifetime is higher 
than that of the standard batteries. 

Varley Gates Dry' Accumulators supply a range of 
non-spiil lead-acid batteries in the capacity range 
9-50 Ah (Table 50.32). 



3.3 Recombining sealed lead-acid 
batteries 

There are two categories of sealed lead-acid cell. 
These are the non-recombining or partially recombin- 
ing type, such as those manufactured by Sonnenschein 
and by Crompton-Parkinson Ltd, and the fully recom- 
bining types, as manufactured by the General Electric 
Company and by the Gates Rubber Company. The 
fully recombining types are also produced in the UK 
under licence by Chloride Energy Ltd under the trade 
name Cyclon. 

Particularly towards the end of charge and when 
being overcharged, the sulphuric acid electrolyte in 
lead-acid batteries undergoes electrolysis to produce 
hydrogen and oxygen. Consequently, in service, the 
electrolyte level drops and the concentration of sul- 
phuric acid increases, both of which are deleterious to 
battery performance and, unless attended to by periodic 
topping up with distilled water, will lead to the even- 
tual destiuction of the battery. Aware of this danger 
manufacturers recommend a periodic topping up of the 
electrolyte to the prescribed mark with distilled water. 

The need for regular topping up has in the past 
limited the applications in which lead-acid batteries 
can be used. Manufacturers have adopted two methods 
of avoiding the need to top up lead-acid batteries: 

1. The development of non-recombining or partially 
recombining batteries in which, by attention to 
battery design (new lead alloys for grids, etc.) 
and by using more sophisticated battery charging 
methods, gassing is reduced to a minimum and 
topping up is avoided. 

2. The development of fully recombining types of bat- 
teries in which any hydrogen and oxygen produced 
by gassing is fully recombined to water, thereby 
avoiding loss of electrolyte volume. 

Both methods have been used to produce a range of 
non-spill either partially or fully recombining sealed 
lead-acid batteries which are now finding an ever- 
increasing range of applications for this type of battery. 
The theory and design of both of these types of 
batteries are discussed in Part 2. 

3.3.1 Partially recombining sealed lead-acid 
batteries 

Various manufacturers supply these batteries, including 
Sonnenschein (West Germany), Dryfit batteries (avail- 
able up to 36 Ah capacity), Crompton-Parkinson (UK; 
up to 45 Ah capacity), Eagle Picher (USA), Carefree 
(up to 44 Ah capacity) and Yuasa (Japan; up to 8 Ah 
capacity) - see Part 5 for details; 6 and 12 V versions 
are also available. These batteries have several design 
features, which contribute to their non-maintenance 
characteristic and their ability not to require overcharg- 
ing to maintain full capacity. In fact, no water needs 
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to be added to these batteries during their entire life. 
If, because of improper charging or large variations in 
temperature, a gas pressure does build up, the safety 
valves ensure that this gas can escape immediately. 
Afterwards, the safety valves automatically shut off the 
electrolyte space from the outside atmosphere. Assum- 
ing that the operating and environmental conditions 
are satisfactory, this type of battery is sealed and does 
not gas. Sonnenschein Dryfit batteries, for example, 
meet the requirements of the German Physikalische- 
Technische Bundesanstalt for use in hazardous areas 
containing combustible substances of all the explosive 
classes within the range of inflammability G1 to G5. 
Their method of construction also meets the require- 
ments of VDE D171/1-69. 

Usually, a gelled electrolyte is used so that no 
emissions of acid or electrolysis gas occur during 
charging or use. These batteries have a low internal 
resistance and consequently a high current delivery' 
capability. The batteries can be used in any position 
and they function at full efficiency in a completely 
inverted position, although this should not be made a 
deliberate feature in equipment design. 

Many types of recombining sealed lead-acid battery' 
feature calcium-lead grids rather than the conven- 
tional antimonial lead grids in order to reduce self- 
discharge rates and gassing on stand and towards the 
end of charge. The Gates product uses pure lead grids. 

Partially recombining sealed lead-acid batteries 
may be charged and discharged over an ambient tem- 
perature ranged from —20 to +50°C. If continuous 
operation at one or more of the extreme values is 
required, a temperature sensor should be used to opti- 
mize charging. Compared to this, nickel-cadmium 
batteries, depending on their type, are severely lim- 
ited by an allowable temperature range of 0-45°C 
for charging. To operate properly the lead-calcium 
acid battery must be matched with a constant poten- 
tial charging system, that is, one in which the current 
acceptance becomes a function of the back e.m.f. of 
the battery. It is necessary that the battery sustain a 
constant on-charge voltage initially and throughout its 
life. Constant current charging may also be used in 
trickle charge applications. 

Under constant potential charging the maintenance- 
free lead-calcium acid battery will accept relatively 
high currents inidally when the system is most effi- 
cient. This stage is followed by a second period when 
the back e.m.f. of the battery begins progressively to 
increase and to control the amount of current accepted. 
At full charge and under proper voltage regulation, the 
current accepted will be reduced to a few milliamps 
input, thus restricting the degree of overcharge which 
protects the unit from excessive electrolyte loss. 

This type of battery further supports this function 
by the fact that it develops a very high hydrogen and 
oxygen overvoltage which enhances the efficiency of 
conversion and ensures a sharp and reproducible rise in 
on-charge voltage to regulate current acceptance best. 



Partially recombining lead-acid batteries of the 
same capacity can be operated in series or in par- 
allel. To charge batteries in series, a high-voltage 
low-current source is needed, while units in parallel 
require a low-voltage high-current source. The con- 
stant potential setting for series charging is equal to 
the sum of that calculated for each battery while the 
voltage setting for units in parallel is that required for 
one unit. Charging batteries in parallel is the recom- 
mended procedure. 

Partially recombining sealed lead-acid batteries 
have a gravimetric energy density in the range 
30-35 Wh/kg at the 20 h capacity rate. 

Comparisons of the energy density of such batteries 
with that of nickel-cadmium batteries are interest- 
ing as in many applications these two types of bat- 
tery are competing with each other. Rectangular mass 
and sintered plate nickel-cadmium batteries exhibit 
lower energy densities (17 and 25 Wh/kg respec- 
tively) than sealed lead-acid and cylindrical sin- 
tered plate nickel-cadmium batteries (35-37 Wh/kg). 
Yuasa quote 21-30kg/Wh energy density for their 
range of partially recombining sealed lead-acid bat- 
teries (Table 50.26). 

3.3.2 Fully recombining sealed lead-acid 
batteries 

Hawker Energy Inc. are developing a range of sealed 
cylindrical 2.00 V lead-acid rechargeable cells and 
also batteries. The first cell in this range to be 
offered was the D cell, which is rated at 2.5 Ah 
at the 10 h rate. It is 61mm in height and 34 mm 
in diameter. 

The construction of this cell is similar to that of 
standard cylindrical nickel -cadmium cells. It is sealed, 
has a safety vent and makes use of a cylindrical spiral- 
wound plate design. 

Stable capacity/voltage in long-term overcharge is 
well suited to standby applications. Special alloy plate 
grids and efficient oxygen recombination enhance long 
life during overcharge. Drying out is not a problem. 
Sealed lead-acid cells are available as individual cells, 
standard batteries of convenient sizes and voltages, and 
also as assemblies of custom battery packs. 

Life is a function of use and environment, but the 
spiral-wound sealed lead-acid cell combines all the 
features - oxygen recombination, low impedance, seal 
design, resealing vent, low alloy plate grid - to extend 
the life of the cell beyond what other lead-acid designs 
offer. The Hawker Energy Inc, sealed lead-acid 
system offers a number of desirable discharge 
characteristics. The spiral plate design enhances long 
life in both float and cycle applications. Since the 
spiral configuration results in lower impedance, the 
cell may be discharged at higher rates. State of charge 
is conveniently determined by measuring open-circuit 
cell voltage after a short stabilizing period. A voltmeter 
is all that is required to measure state of charge. The 
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Hawker Energy Ltd Cyclon range of sound electrode 
combination batteries and the Hawker Energy Inc. 
range discussed above are equivalent and hence the 
Chloride product, available in the UK, will not be 
discussed in great detail here. 

These batteries are contined in a polypropylene case 
with a metal outer canister and are available as single 
cells and in battery packs including a lantern battery. 
Batteries will be specially designed and produced to 
meet customers’ requirements. 

The standard types of cell now available are the D, 
X and BC cells (Table 3.1). 

Temperature ranges are —65 to +65°C (storage and 
discharge) and —40 to +65°C (charge). Storage lives 
from full charge are 18 years at 0°C, 3 years at 25°C 
and 1 year at 40°C. The expected cycle life varies from 
300 to 2000 cycles and the float life is 8-10 years. 
Charging is by most conventional methods including 
constant voltage, constant current, taper charging, 
pulse charging, etc., according to the application. 
Self-discharge is typically 6-8% per month at room 
temperature. 

The manufacturers claim that the D cell will give 
instantaneous discharges of up to 100 A and sustained 
discharges of up to 30 A. Double these figures can be 
obtained with the X cell, and up to 800 A with the 
BCcell. 



Table 3.1 Characteristics of standard cells 





D 


X 


BC 


Nominal voltage (V) 
Capacity rating (Ah) 


2.0 


2.0 


2.0 


10 h rate 


2.5 


5.0 


25 




(250 niA) 


(500 mA) 


(2.5 A) 


1 h rate 


2.8 


3.2 


20 




(2.5 A) 


(5 A) 


(25 A) 


Peak power rating (W) 


135 


200 


600 


Internal resistance 


(at 135 A) 


(at 200 A) 


(at 600 A) 


(x 10 -3 fi) 


10 


6 


2.2 


Diameter (mm) 


34.2 


44.4 


65.7 


Height (mm) 


67.6 


80.6 


176.5 


Weight (kg) 


0.181 


0.369 


1.67 



Batteries (6 and 12 V) are available with capacities 
in the range 2.7-52 A (20h rate), 2.5-50 A (lOh rate). 

The characteristics (including discharge characteris- 
tics, battery life, safety, storage and battery testing) of 
sealed lead-acid batteries have been discussed further 
in a book published by Gates Energy Products (see 
Bibliography). 
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4.1 Nickel -cadmium secondary 
batteries 

The nickel-cadmium battery is mechanically rugged 
and long lived. In addition, it has excellent low- 
temperature characteristics and can be hermetically 
sealed. Cost, however, is higher than for either the 
lead-acid or the nickel-zinc battery and, by compar- 
ison, its capacity on light drain in terms of watt hours 
per kilogram is also poorer than for nickel-zinc. 

Cells using the nickel -cadmium couple can be 
divided into two main groups: cells having thick plates 
in which the active material is compressed into finely 
perforated metal sheets in the form of tubes or pock- 
ets, and cells with thin sintered plates in which the 
active material is deposited in porous metal supports. 
The latter type has a very low internal resistance 
and a high load capacity which result in improved 
power-to-volume and power-to-weight ratios. The bat- 
teries are manufactured as open or semi-open type 
cells in which the electrolysis gas escapes through a 
vent (which require periodic topping up with water to 
replace the electrolyte) and as fully sealed batteries 
which are designed in such a way that gas evolu- 
tion does not occur and consequently topping up of 
the electrolyte with water is not required. In gen- 
eral, the open or semi-open types of battery are in 
the higher capacity range, used for applications such 
as traction and large emergency power installations. 
Sealed nickel-cadmium batteries that are usually in 
the lower capacity range (up to about 30 Ah) are the 
type that find extensive application in the electronics, 
small appliances, domestic products, defence equip- 
ment and space research markets. 

4.1.1 Open and semi-open, low-maintenance, 
unsealed nickel-cadmium batteries 

Various manufacturers supply small low-maintenance 
cells and batteries. Varta supply a non-sealed double 
cell (DTN) for portable lamps. This battery is avail- 
able in the capacity range 4.5-1 1 Ah (Table 4.1); it is 
recommended for applications such as portable lamps 
where its light weight, even voltage level, good capa- 
city, long service life, lack of maintenance and low 



Discharge current 
intensity in % / 6 

10 h 53 
5 h 100 




%C 5 

Figure 4.1 Discharge curves showing dependence on capacity 
available at 20°C of a Varta double cell DTN battery (Courtesy of 
Varta) 

self-discharge rate are of advantage. Discharge curves 
for a DTN battery are shown in Figure 4.1. 

Chloride Alkad supply their Unibloc range of alkal- 
ine batteries, which are virtually maintenance free but 
are not sealed. These range from 7.5 to 27 A h capacity 
(Table 4.2). Unlike traditional alkaline batteries, which 
are built up from individual separately packaged cells. 
Unibloc starts off as a five 1 .2 V cell battery in a lidded 
container (Figure 4.2). The Unibloc range is available 
in four basic capacities, each providing low-rate dis- 
charge performance: 

7.5 Ah Type 5LP7 

12.5 Ah Type 5LP12 

15 Ah Type 5LP15 

27 Ah Type 5LP27 

The five cells are incorporated into a resilient plastics 
case containing sufficient extra potassium hydroxide 
electrolyte to enable periodic topping up of the battery 
to be extended up to a maximum of 20 years on a con- 
stant 1.42V/cell float charge without any boost char- 
ging, although 7-10 years will probably be the average. 

Unibloc batteries are recommended for applications 
such as switch tripping, emergency lighting and fire 
alarm operation. 

For most applications, constant-voltage charging is 
recommended to minimize electrolyte loss which is 



Table 4.1 Varta DTN range of low-maintenance nickel-cadmium batteries 



Charging 

Battery 

type 


Type 
N 0.333 


Nominal 

capacity 

in 5 h 
(Ah) 


Nominal 
discharge 
current 
in 5h (A) 


Median 

discharge 

voltage 

(V) 


Nominal 
charging 
current 
in 7 h (A) 


Charging 

voltage 

(V) 


Filled 

weight 

(kg) 


Quantity of 
electrolyte 
(dm 3 ) 


DTN4.5K 


2452010 


4.5 


0.9 


2.4 


0.9 




0.42 


0.08 


DTN6.5K 


2652010 


6.5 


1.3 


2.4 


1.3 


increasing 


0.61 


0.11 


DTN7K 


2702010 


7.0 


1.4 


2.4 


1.4 


from 2.7 


0.75 


0.14 


DTN12K 


3122020 


1 1.0 


2.2 


2.4 


2.2 


to 3.6 


0.90 


0.20 
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Table 4.2 Unibloc batteries: dependence of maintenance-free intervals on capacity and charging methods 



Type 


Capacity at 
10 h rate (Ah) 


Maintenance inten’al (years) 


Fully automatic operation without 
boost (float voltage 1.47V/cell) 


Close voltage application with 6-monthly boost of 
1.65-1.70 V/cell (float voltage 1.42V/cell) 


5LP7 


7.5 


8 


14 


5LP7 


12.5 


5 


9 


5LP12 


15.0 


4 


7.5 


5LP27 


27.0 


2.5 


5 



Simple snap-on or 
bolt-on terminals 




reserve means negligible 
maintenance 

Figure 4.2 Chloride Alkad Unibloc nickel-cadmium battery con- 
struction (Courtesy of Chloride Batteries) 

dependent on the float charge voltage, the capacity 
of the battery and the frequency of boost-charging. 
Table 4.2 shows how the maintenance interval across 
the Unibloc range of batteries is related to battery 
capacity and charging method. 

The discharge performance of Unibloc batteries is 
shown in Figure 4.3. 

4.1.2 Sealed nickel-cadmium batteries 

Characteristics of sealed nickel— cadmium batteries 

Sealed nickel-cadmium batteries were first developed 
in the 1950s from vented nickel -cadmium batteries 




1 2 3 45 1015 30451 2 3 45 101520 

Time (min) (hi 

Figure 4.3 Discharge curves at 25°C: Chloride Alkad Unibloc 
nickel-cadmium battery (Courtesy of Chloride Batteries) 

and therefore originally used the same active mater- 
ial and similar intercell components that had proved 
their reliability in production and service. Because the 
active material in the vented batteries was a pow- 
dered mass, it was logical for the earlier ranges of 
sealed batteries to use the same material. Since then 
materials and production techniques have improved, 
enabling sealed battery performance to be improved 
by optimizing the active material. These changes in 
active material, while not significantly improving the 
performance at low discharge rates (10 or 5h rate), 
have changed the voltage characteristics at the higher 
rates of discharge. An example of this improvement 
for a Varta 0.225 A h cell (10 h rated, 22 mA discharge 
current at 10 h rate) is shown in Figure 4.4 by compar- 
ison of the characteristics in (a) original plate materials 
and (b) improved plate materials. This improvement 
in discharge performance has been achieved without 
adversely affecting the cell’s good charge retention or 
external dimensions. 

Sealed nickel-cadmium cells are normally rated 
at either the 5 or 10 h rate, that is, the discharge 
current that can be taken from a cell to discharge 
it fully in 5 or 10 h. Sintered cells are rated at the 
5h rate (If) and, occasionally, particularly with US 
manufacturers, at the 1 h rate (/i), and mass plate cells 
at the LOh rate (/ 1 0 )- The nominal on-load voltage of a 
nickel-cadmium cell is 1.2 V and this voltage is said 
to be the average value for the total discharge period. 
The cell’s fully charged open-circuit voltage, if taken 
within 24 h of terminating a charge, can vary between 
1.35 and 1.4 V. The voltage characteristic is flat for 
most of the discharge curve, even at comparatively 
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Figure 4.4 Effects of improvement in plate active materials 
since the 1950s on the performance of the Varta 0.225 Ah 
nickel-cadmium sealed battery: available capacity at 20°C 
(a) before and (b) after improved materials were incorporated 
(Courtesy of Varta) 

high discharge rates, therefore the discharge voltage is 
not indicative of the cell’s state of charge. At rates of 
discharge up to ten times the / io rate, a cell is said 
to be fully discharged at 0.9 V. The voltage of a cell 
when discharged below 0.9 V falls rapidly to zero and 
it is therefore possible for some cells in a battery to 
reverse their polarity. Provided the discharge rate is 
at the / 10 rate or less, this reversal will not harm the 
nickel -cadmium cell, but with maximum life in view 
it should be avoided. 

Sealed nickel-cadmium cells and batteries exhibit 
relatively constant discharge voltages. They can be 



recharged many times. They are small convenient 
packages of high energy output, hermetically sealed 
in leak-resistant steel cases, and will operate in any 
position. The cells have very low internal resistance 
and impedance, and are rugged and highly resistance 
to shock and vibration. Some general comments on 
sealed nickel-cadmium batteries are made below. 

Temperature of operation 

Cells and batteries may be charged, discharged and 
stored over a very wide temperature range. The stated 
maximum permissible temperature ranges for these 
batteries are as follows: 

Charge 0 to +45°C 

Discharge —20 to +45°C 

Storage —40 to +50°C 

Discharge and storage at +60°C are permissible for a 
maximum of 24 h (see also Table 4.3). 

Use at high temperatures, however, or charging 
at higher than recommended rates, or repeated dis- 
charge beyond the normal cut-offs, may be harmful. 
In the case of button cells which do not contain a 
safety vent, charging at temperatures lower than those 
recommended may cause swelling or cell rupture. 

For low-temperature operation (0°C or below), sin- 
tered cells are recommended. At these temperatures, 
the cell’s internal resistance increases and this can 
greatly affect the voltage characteristic at high dis- 
charge rates. The low temperature charge problems 
of sealed nickel-cadmium cells are caused partly by 
the poor charge efficiency of the negative electrode 
at these temperatures. Also, at low temperatures, the 
cell’s ability to recombine oxygen during overcharge 



Table 4.3 Effect of high and low temperatures on storage, discharging and charging of Eveready nickel-cadmium cells and batteries 





Low temperature 


High temperature 


Storage (all types) 


At — 40°C 

No detrimental effect. However, cells or 
batteries should be allowed to return to 
room temperature prior to charging 


At 60° C 

No detrimental effect. However, self-discharge 
is more rapid starting at 32° C and 
increases as temperature is further elevated 


Discharge (all types) 


At — 20°C 

No detrimental effect, but capacity will be 
reduced as shown by curves 


At 45° C 

No detrimental effect 


Charge CF and CH 


At 0°C 


At 45°C 


types ( 1 0 h rate) 


Cells or batteries should not be charged 
below 0°C at the lOh rate 


Cells or batteries show charge acceptance 
of approximately 50% 


CF types (1-3 h rate) 


At 15.6°C 

Cells or batteries should not be charged 
below 15.6°C at the 1 h rate or below 10°C 
at the 3 h rate 


At 45° C 

Cells or batteries show charge acceptance 
of approximately 90% 


Button cells 


At 0°C 

Cells or batteries should not be charged 
below' 0°C at the 10 h rate 


At 45°C 

Cells or batteries show charge acceptance 
of approximately 60%. Also possible 
detrimental effect on cycle life 
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is inhibited and therefore, under normal circumstances, 
charging at low temperatures is not recommended. In 
addition, at sub-zero temperatures hydrogen evolution 
may be promoted (cathode overcharge), causing vent- 
ing of gas and consequent electrolyte loss. The cells 
have a negative temperature coefficient of approxi- 
mately 4 mV /cell per 0°C. When selecting cells for 
low-temperature operation, both their reduced capacity 
and changed cell voltage should be taken into consid- 
eration. 

Efficiency 

Sealed nickel -cadmium cells with mass plate elec- 
trodes have an ampere hour efficiency of approxi- 
mately 72%, while those with sintered electrodes have 
approximately 84% efficiency at about 20°C. (The 
effect of temperature will be discussed later.) For this 
reason the charging factor for mass plate cells is 1.4 
and for sintered plates 1.2; therefore to fully charge 
a fully discharged cell, either 40% (1.4) or 20% (1.2) 
more capacity than has been withdrawn must be put 
back into the cell. 

The watt hour efficiency is the quotient of the 
discharged energy and the necessary energy to fully 
charge a cell. Comparing the mean discharge voltage 
with the mean charge voltage confirms a figure of 
approximately 61% for a cell with mass electrodes 
and 73% for a cell with sintered electrodes when 
discharged at the 7| 0 rate (both at approximately 20°C). 

Storage 

Sealed nickel-cadmium batteries can be stored 
indefinitely, ideally in a clean, dry atmosphere, 
in a discharged state, unlike lead-acid batteries 
which will sulphate if stored in a discharged state. 
Nickel-cadmium batteries can be stored in any state 
of charge, without a significant loss of life. 

Maintenance charging is not required. However, 
after prolonged storage, up to three cycles of charge 
and discharge may be required to achieve the battery’s 
rated capacity. It is recommended that the first charge 
following storage should be for 24 h at the Iw rate. 

During operation and storage, it is possible that 
crystals may form in the area of the sealing between 
the positive and the negative poles. This is due to 
minute pores in the sealing ring allowing electrolyte 
to combine with carbon dioxide in the air to form 
potassium carbonate crystals. This crystallization has 
no detrimental effect on the electrical properties or 
life expectancy of the battery but, if it is thought to 
be aesthetically unacceptable, removal of the crystals 
with a dry cloth and then a smear of silicone grease 
will inhibit further growth. 

Internal resistance 

Unlike open-cell batteries, where the internal resist- 
ance decreases linearly with an increase of capacity, 



the internal resistance of a sealed nickel-cadmium bat- 
tery is dependent mainly on plate surface area, distance 
between the plates, separator resistance, amount and 
density of electrolyte, and temperature. The internal 
resistance will also change with the state of charge. 
As an example, the d.c. internal resistance of typically 
fully charged 1 A h sealed cells is as follows; 

Standard button cell 1 1 0 mQ/cell 

Heavy-duty button cell 50 mfi/cell 

Rolled sintered cell 19m£2/cell 

In some applications it is an advantage to know the a.c. 
internal resistance. As a comparison, the a.c. resistance 
at 1000 Hz is: 

Standard button cell 42 m£2/cell 

Heavy-duty button cell 14m£2/cell 

Rolled sintered cell 17mD/cell 

Cyclic life 

The life of a sealed battery depends on the operat- 
ing conditions. It is principally affected by the depth 
of discharge (capacity discharged/rated capacity) in a 
charge/discharge application, or in ampere hours over- 
charged in a permanent charge application. Life is also 
affected by temperature, though less so at high temper- 
atures, and by end-point requirements regarding rate 
and capacity (increased cycle life will ordinarily be 
the result of a shallow discharge regimen). 

Any treatment that causes a cell to vent itself is 
harmful. Frequent or extended venting of even prop- 
erly valved cells eventually destroys them. In rating 
cycle life, the end of life for a sealed nickel-cadmium 
cell is considered to be when it no longer provides 
80% of its rated capacity. The discharge currents used 
in determining the cycle lives listed below are the 10 h 
rate for button cells and the 1 h rate for cylindrical 
types. The charge current is terminated after return 
of approximately 140% of the capacity previously 
removed. If a cell can be considered to be satisfac- 
tory while delivering less than the arbitrary 80% end- 
point figure, the reliability characteristic of the sealed 
nickel-cadmium battery corresponds to the ‘bathtub’ 
curve of electronics components. In cycling applica- 
tions, as in the supply to a portable transceiver, the 
service life of a battery is most conveniently expressed 
as the number of cycles of charge and discharge, and 
the failure rate in failures per cycle. 

In applications with permanent maintenance charge, 
the life of a battery is expressed as the multiple of 
C’sAh of overcharge or as hours of operation, and 
the failure rate as failures per operating hour. As an 
example, Figure 4.5 shows the estimated cycling life 
at 20° C as a function of discharge for SAFT sealed 
nickel-cadmium batteries. 

The following results have been obtained at 20°C: 
bum-in period lasts a few cycles or a few tens of 
C 5 Ah of overcharge; failure rate of the order of 10 -5 
per cycle with rapid charge at 2CsA and discharge 
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Figure 4.5 Estimated life cycle at 20°C as a function of discharge 
(SAFT sealed nickel-cadmium batteries) (Courtesy of SAFT) 

over several hours; failure rate also of the order of 
10 -3 per cycle with permanent maintenance charge at 
rates below 0.05C 5 A. 

During the service life of sealed nickel-cadmium 
batteries obtained from a reputable manufacturer, there 
are practically no failures through loss of performance, 
and the mortality law is very probably of an expo- 
nential nature, under the following types of service 
condition: 

1. 500 cycles with charge for 14 h at O.IC5A and 
complete discharge over several hours. 

2. 1000 cycles with the same type of charge but 
discharge 50% of capacity over several hours. 

3. At least 1500 cycles with rapid charge at 2C 5 A 
and discharge over several hours; the failure rate in 
this case is typically of the order of 10 -7 failures 
per cycle. 

4. At 2OOOC5 A h with overcharge at a rate below 
O.O5C5 A, the maximum service life is 8 years (at 
a rate of O.O2C5A): 2000CsAh corresponds to 
100 000 h or a theoretical service life of 11 years. 

As a further example of the life expectancy of 
sealed nickel -cadmium batteries Varta claim that 
their products are not affected by prolonged storage 
provided the recommended storage temperatures (—40 
to +50°C) are not exceeded. Thus less than 20% 
capacity loss occurs in 2 years storage at — 20°C, 
approximately 40% in 10 or 12 months at 20°C, and 
proportionally higher rated capacity loss at higher 
temperatures. In applications of these cells where 
they are operated in a purely cyclic mode (that is, 
charge/discharge cycles), mass plate batteries will give 
300 cycles at the 10 h rate to approximately 80% of 



nominal capacity. Partial discharging will significantly 
increase the number of cycles achieved. Similarly, 
discharging at high rates will reduce the expected life 
of the battery. 

Sintered electrode batteries supplied by Varta, when 
continuously trickle charged at rates between one- 
fifth and one-half of the 10 h rate, will give, typi- 
cally, a life of approximately 5 years to 60-70% of 
nominal capacity. 

When a fast charge is applied to a sintered cell 
batter)' at a maximum of 20 x 7io, provided the charge 
is terminated at 80% capacity, a life can be achieved 
similar to that of a sintered cell battery at normal rates 
of charge. 

Energy density 

The energy contents of the various types of sealed 
nickel-cadmium battery' supplied by one particular 
manufacturer are as shown in Table 4.4. 



Table 4.4 Energy contents of various sealed nickel-cadmium 
batteries 





Volumetric 

energy 

density 

(Wh/dm 3 ) 


Gravimetric 

energy 

density 

(Wh/kg) 


Button cell (mass plate) 


61-62 


21-22 


Round cell (mass plate) 


69 


22 


Round cell (sintered plate) 


78 


27 


Rectangular (mass plate) 


37 


18 


Rectangular (sintered plate) 


52 


21 



Cylindrical, rectangular and button designs of sealed 
nickel -cadmium battery are available from most sup- 
pliers. These three types are available with compressed 
and with sintered electrodes. Batteries with sintered 
electrodes have a very low internal resistance and 
a high load capacity which results in an improved 
power to size and weight ratio. These three types of 
nickel -cadmium cell are discussed in detail in Part 2. 

Generally speaking, nickel-cadmium button cells 
are available in a lower capacity range than cylindrical 
cells. Thus one manufacturer supplies button cells in 
the 20- 1000 mAh range and cylindrical cells in the 
150-4000mAh range. Voltages of between 1.2 V and 
14.4 V (12 cell) are available. 

The characteristics (including discharge characteris- 
tics, storage, battery life, safety and battery testing) of 
sealed nickel-cadmium batteries have been discussed 
further in a book published by Gates Energy Products 
(see Bibliography). 

4.1.3 Nickel-cadmium button cells 

Nickel-cadmium button cells have a nominal 
discharge voltage of 1.2 V per cell. The rated capacity 
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Table 4.5 Sealed button cells (nominal discharge voltage 1 .20 V) available from SAFT 



Serial No. 


Type 


Rated 
capacity 
(C5 mA h) 


Maximum dimensions 
(mm) 


Maximum 

weight 

(g) 


Maximum discharge 
rates (A) 


Height 


Diameter 


Continuous 


Pulse 


VBE 


4 


40 


6 


15.7 


3.5 


0.2 


2.3 


VB and VBE 


10 


100 


5.3 


23.0 


7 


1 


n 




22 


220 


7.8 


25.1 


12 


2.2 


18.5 




30 


300 


5.5 


34.7 


18 


3 


23 




60 


600 


9.8 


34.7 


31 


6 


29 



C s (Table 4.5) at 20°C is defined as the capacity in 
ampere hours obtained at the 5h rate of discharge 
(O.2C5 A) to an end- voltage of 1 . 10 V/cell after a 
full charge at 0.1 C5 A for 14 h. Rates of charge and 
discharge are expressed in multiples of the rated 
capacity C 5, thus O.2C5 A represents 20mA for a 
cell having a rated capacity C 5 of 100mA h. 5C S A 
represents 500 mA for the same cell. The range of 
button cells available from one leading manufacturer 
is tabulated in Table 4.5. 

The life of button cells (SAFT, VB and VBE types, 
Table 4.5) can extend over 10 years, but this is depen- 
dent on operating conditions and is pricipally influ- 
enced by the depth of discharge (discharged capa- 
city/rated capacity) in a cycling application and by the 
number of ampere hours overcharged in a continuous 
charge application. The great reliability of button cells 
makes their life comparable with that of most electron- 
ics components. During cycling, approximately 500 
cycles are obtained with 100% depth of discharge 
and 2000 cycles with 50% depth of discharge. After 
5 years’ continuous charge at 0.05C 5 mA, the failure 
rate for SAFT VB series button cells is not greater 
than 5 per 1000. Under the same conditions their VBE 
series button cells offer ten times better reliability; a 
failure rate of 5 per 10000. 

Button cells with mass plate electrodes are pro- 
duced by Varta in two versions. DK type cells are 
assembled using one positive and one negative elec- 
trode separated by porous insulating material. These 
cells are suitable for operation at normal temperatures 
and discharge rates of up to 10 times the nominal dis- 
charge current. DKZ cells have two positive and two 
negative electrodes which lower the internal resistance 
and therefore make the cell suitable for high rates of 
discharge (20 times the nominal discharge rate) and 
also for low-temperature operation. Button cells are 
suitable for applications where low cost and good pack- 
ing density are required. The charge retention of mass 
plate button cells is superior to that of all other forms of 
sealed nickel-cadmium cell. Many types of button cell 
can be made into stack batteries by connecting them 
end on end, in sleeves, thereby ensuring a minimum 
internal resistance. 



4.1.4 Nickel-cadmium cylindrical cells 

Nickel-cadmium cylindrical cells are designed for a 
wide range of applications requiring compact recharge- 
able batteries with high output capacity, heavy loads 
at steady voltages, the ability for rapid charge and 
discharge, and exceptionally long life. Designed to 
be dimensionally similar to the principal cylindrical 
primary cells, of internationally standardized dimen- 
sions, these cells usually incorporate thin sintered plate 
construction. Complete spirally wound plate assem- 
blies are tightly fitted into a steel container to form 
cells. The container is closed by a cover having an 
automatic self-releasing safety valve for high pressures 
should excess gas pressure be caused by maltreatment. 
Contact between the plates and the cover on the case is 
usually through a connection electrically welded to the 
edges of the plates. This method of assembly improves 
battery performance on charge and discharge. A typical 
range of cylindrical cells available from one supplier 
(SAFT) is listed in Table 4.6. 

Cylindrical cells are characterized by a nominal 
voltage of 1.2 V/cell and their remarkable power 
(1.2 Ah/cell) is, for example, capable of supplying 
a current of 100 A at 0.6 V for 0.3 s. Up to 170 A 
peak discharge can be tolerated with a SAFT VR cell 
(Table 4.6) and the ultra-rapid charge time on a dis- 
charged battery' can be as low as 60s when using 
the appropriate charging equipment involving mon- 
itoring cell temperature, voltage or time of charge. 
For uncontrolled rapid charge SAFT have developed 
a special range of batteries. These batteries can be 
discharged continuously at 20 times the normal rate 
and 40 times the normal rate for short periods. Apart 
from ensuring the correct charging method, maintain- 
ing end-voltages and temperature limits, no special 
care is needed. The rugged construction results in a 
battery' that can withstand shocks and vibration. The 
cylindrical cell is available in high reliability versions 
(SAFT VRE type-Table 4.6) and versions for space 
applications. 

Cylindrical cells when discharged at 1 V/cell at 
normal temperatures supply currents of the follow- 
ing order: 
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1.2 Ah 


cell 


12 A 


2 Ah 


cell 


14 A 


4 Ah 


cell 


28 A 


7 Ah 


cell 


35 A 


1C Ah 


cel! 


80 A 



Short-duration peaks (maximum power) can be 
obtained (300 ms at 0.65V/cell), typically: 



1 .2 A h 


cell 


93 A 


2Ah 


cell 


93A 


4 Ah 


cell 


145 A 


7 Ah 


cell 


170A 


10 Ah 


cell 


250 A 



Cylindrical cells and batteries are designed for use in 
applications that require good high rates of discharge 
performance (continuous and peak). Due to their low 
internal resistance, higher discharge currents can be 
drawn and also substantially better voltages than apply 
in the case of cells available a few years ago. 

SAFT also produce the VX series of cylindrical 
cells (Table 4.6). These have the same characteristics 
as those of the standard VR range. The VX cells 
have the novel conception of a plate which improves 
the recombination of oxygen produced on overcharge. 
They may thus be charged or overcharged at higher 
rates than those for standard VR cells. VX cells have 
a smaller capacity than the corresponding standard 
cells (about 50%) but the power characteristics are 
the same. 



Cylindrical cells with mass electrodes (Varta D 
series) 

These cells are available from Varta. They are phys- 
ically equivalent to primary' cells and are suitable for 
either one- or two-cell operations. These cells are suit- 
able for comparatively low rates of discharge where 
good charge retention is important. They are suitable 
for a continuous discharge up to 10 times nominal 
discharge rate. 

Cylindrical cells with sintered electrodes (Varta RS 
series) 

These cells are suitable for applications where a high 
rate of discharge, or operation at extremes of temper- 
ature, or permanent trickle charge or fast charging is 
required. The cells are constructed from rolled sintered 
positive and negative plates, separated by a highly 
porous separator which absorbs all the free electrolyte 
within the cell. A safety vent is incorporated within 
each cell to enable gas, which may build up under 
fault conditions, to be released. Batteries containing 
RS cells are available either in standard formats or 
designed for specific applications. 

4.1.5 Nickel-cadmium rectangular cells 

Rectangular or prismatic cells offer the highest capac- 
ities within the sealed nickel-cadmium range, and in 



Table 4.6 Sealed cells supplied by SAFT 



Serial No. 


Type 


Equivalent 

primary 

battery 


Rated 

capacity 

C 5 (Ah) 


Maximum 
dimensions (ram) 


Maximum 

weight 


Maximum discharge 
rates (A) 


Maximum 

power 






Height 


Diameter 


(g) 


Continuous 


Pulse 




VR 


0.1 1/3 A A 


R6 


0.100 


17.4 


14.5 


ii 


1.5 


15 


10 


1.2 V/cell 


0.45 I/2A 




0.450 


28.1 


17.3 


21 


4.5 


31 


20 




0.5 AA 


R6 


0.500 


50.2 


14.5 


24 


5.0 


24 


16 




0.7 I/2C 




0.700 


26.2 


26.4 


39 


7.0 


46 


7 




1.2 RR 




1.2 


42.1 


22.7 


51 


12 


93 


1.2 




1.8 Cl 


R14 


1.8 


49.7 


25.9 


77 


14 


93 


- 




2.5 2/3 D 




2.5 


43.5 


32.9 


105 


20 


120 


78 




4D 


R20 


4 


60.5 


32.9 


150 


28 


145 


95 




7F 




7 


91.3 


32.9 


240 


35 


170 


110 




10 SF 




10 


89.2 


41.7 


400 


75 


280 


170 


VX 


AA 


R6 


0.200 


50.2 


14.5 


21 


5 


24 






RR 




0.500 


42.1 


22.7 


45 


12 


93 






C 


R14 


0.700 


49.7 


25.9 


70 


14 


93 






D 


R20 


1.6 


60.5 


32.9 


135 


28 


145 




VRE 


1 RR 




1.0 


43.2 


23.2 


49 


9 


70 






1.6C 




1.6 


48.8 


26.4 


74 


11 


70 






3.5 D 




3.5 


59.2 


33.4 


150 


18 


92 






6 F 




6.0 


90.0 


33.4 


240 


24 


123 




VRS 


D 




3.5 


64.8 


33.1 


174 


11 


- 






F 




6.0 


93.8 


33.1 


270 


18 
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fact differ very little in construction from the heavy- 
duty nickel -cadmium type. Capacities are up to 23 A h 
at 1.22 V. This battery weights 1.390 kg, its dimen- 
sions being 51 x 91 x 125 mm. Permissible operating 
temperatures are the same as for the button type. 
These cells comprise an assembly of two groups of 
rectangular thin sintered plates and the separator in 
rectangular nickel-plated steel cases. Current take-off 
is through terminal studs. They have medium-pressure 
(4 x 10 5 N/m 2 ) self-reclosing safety valves. SAFT, for 
example, supply three sizes of rectangular cell (VD 
series). There are three sizes of cell with capaci- 
ties below 10 Ah: V04C (3.8 Ah), V04US (4.4 Ah) 
and V09 (9.9 Ah) (Table 4.7). There are also high- 
reliability sealed VO cells for space applications (VOS 
cells). VO cells and batteries may be continuously 
discharged at currents up to 5 C 5 A. They can supply 
short-duration peaks of up to 10C 5 A. 

Sealed rectangular cells with mass electrodes (Varta 
D23 type) are suitable for continuous discharge up 
to 10 times the nominal discharge current. They 
are fitted with a safety vent which prevents exces- 
sive internal pressure damaging the cell case in fault 
conditions. 

Rectangular cells with sintered electrodes, SD series 
(Varta CD type), are suitable for applications in which 
a high rate of discharge, or operations at extremes 
of temperature, or permanent trickle is required. The 
cells are constructed from cut sintered positive and 
negative plates, separated by a highly porous separ- 
ator which absorbs all the free electrolyte within the 
cell. A safety vent is incorporated within each cell to 
enable gas which may build up under fault conditions 
to be released. All cells in this range have the cases 
connected to the positive electrode. All cases are not 
insulated but intercell separators and nickel-plated con- 
nective links are available. The CD series is available 
made up in metal boxes. 

A range of rectangular cells available from SAFT is 
listed in Table 4.7. 



4.1.6 Comparison of characteristics of 
lead-acid and nickel -cadmium sealed 
batteries 

For many everyday battery applications, the choice is 
still between the lead-acid and the nickel -cadmium 
systems, rather than the more recently developed sys- 
tems. Each of these two main types of sealed bat- 
tery has its own advantages and the choice between 
nickel-cadmium and lead-acid batteries depends very 
much on the particular application and on the perfor- 
mance characteristics required. 

The characteristics of the two types of battery are 
compared in Table 4.8. Although this information will 
be of assistance to the designer in helping to select 
whether a lead-acid or a nickel-cadmium battery 
is most appropriate to the application in mind, it is 
strongly recommended that a final decision should not 
be made until the problem has been discussed with the 
suppliers of both types of battery. The lead-acid bat- 
teries referred to in Table 4.8 are the Dryfit type sup- 
plied by Accummulator-enfabrik Sonnenschein (West 
Germany), although no doubt in many respects the 
comparisons will hold good for sealed lead-acid bat- 
teries produced by other suppliers. 

Figure 4.6 plots the energy density (W h/kg) as 
a function of the 20 h capacity for Dryfit batter- 
ies and nickel-cadmium batteries supplied by Varta 
and SAFT. It can be seen that the rectangular mass 
and sintered plate nickel -cadmium batteries exhibit 
lower energy densities than Dryfit batteries and cylin- 
drical sintered plate nickel-cadmium batteries. The 
increase in capacity which occurs in Dryfit batteries 
after several charging cycles together with the as- 
sociated increase in energy density has not been taken 
into consideration in the data presented in Figure 4.6. 
Also not considered is the increase in weight when five 
nickel-cadmium cells are connected in a supplemen- 
tary housing to form a 6V battery. The usual cylin- 
drical sinter cell batteries, the large button cells and 



Table 4.7 Sealed rectangular cells available from SAFT 



Serial No. 


Rated 
capacity 
(C5 mAh) 


Maximum dimensions 
(mm) 


Maximum 

weight 

is) 


Maximum discharge 
rates (A) 


Height 


Width 


Depth 


Continuous 


Pulse 


VO 


4C 


3.8 


74 


64 


19 


180 


20 


38 




4US 


4.4 


74 


64 


19 


220 


22 


44 




9 


9.9 


107 


98 


19 


400 


50 


100 


VOS 


4 


4 


78.5 


53 


20.5 


230 


20 


- 




7 


7 


112.5 


53 


20.5 


360 


35 


- 




10 


10 


91 


76.2 


28.9 


500 


40 


- 




23 


23 


165 


76.2 


28.9 


1060 


60 


- 




26 


26 


186 


76.2 


28.9 


1200 


80 


- 
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Table 4.8 Comparison of sealed lead-acid and nickel-cadmium batteries 



Property 


Lead-acid (Dry fit) 


Nickel-cadmium 


Capacity range 


A300 series, standby operation 
1 -9.5 A h; A200 series, high cyclic 
applications 1-36 Ah 


Mass cells, 10 mAh to 23 Ah; sinter cells 
100 mAh to 15 Ah 


Ceil voltage 


2.1 V 


1.25 V 


Number of cells/ 12 V battery 


6 


10 


Case material 


Plastics 


Nickel-plated steel 


Stability of case dimensions 
during charging 


Do not change 


Button cells increase by up to 3% 


Stabilization of electrolyte 


With gelled acid 


- 


Gassing 


Practically no escape of gas 


Practically no escape of gas 


Cell closure 


Self-closing safety valve 


Plastics seal or self-closing or non-resealing 
safety vent 


Energy density 


The same order of magnitude for Dryfit, nickel-cadmium button cells, sintered 
cylindrical cells and sinter cells in plastics cases. Rectangular nickel-cadmium mass 
and sinter cells in steel cases exhibit lower energy densities 


Current-dependent capacities 


Average 


Button cells, average; sintered cylindrical 
cells, above average; rectangular sinter cells, 
below average 


Allowable continuous current- 
carrying capacity 


Very good 


Sinter cells, good/very good; mass cells, poor 


Self-discharge 


Very low 


Mass cells, slightly higher than Dryfit; sinter 
cells, exceptionally high 


Series connections 


Permitted 


Not allowed for small capacities, not 
recommended for high capacities 


Parallel connections 


Permitted 


Permitted 


Storage life when discharged 


Weeks to over 1 year depending 
on temperature 


Weeks to over 1 year depending on 
temperature 


Charging temperature range 


—30 to +50°C 


Mass cells, 0 to 45°C; sinter cells, —30 to 
+50°C 


Discharge temperature range 


-45 to +50°C 


Mass cells, —20 to +45° C; sinter cells, —40 
to +50' C 


Rapid charging temperature 
range 


-30 to +50° C 


Not recommended for mass cells; sinter cells, 
-30 to +50° C 


Charging methods 


Voltage limited 


Current limited 


Charging time 


No time limit 


Above /20 dependent on current 


Shortest charging time 


1 h approx. 


Mass cells, 3 h with supplement voltage 
control; sinter cells, 15 min for part charge 
with voltage and temperature control 


Chargers 


Require voltage stabilization 


Mass and sinter cells, no stabilization 
required for cyclic operation 


Quick charge units-trickie 
charge 


Normal, but with higher 
performance. Constant 


Mass cells, permitted only up to 0.1 / 20 ; sinter 
cells constant but adequate current limit 


Cyclic sendee life 


Up to 500 deep discharge cycles 
and 1000 shallow discharge cycles 


Mass cells, approx. 300 shallow discharge 
cycles; sinter cells, 500-1000 deep discharge 
cycles or up to 15 000 shallow discharge 
cycles 


Service life under trickle charge 


5 years approx. 


Mass cells, 4-5 years at small current up to 
0.1 / ro; sinter cells, approximately 10 years 
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Dryfit batteries are thus seen to occupy approximately 
the same Wh/kg range with the bandwidth of the 
range being in general defined by the individual 
type variants. 

The relationship between multiples of the 20 h nom- 
inal discharge current and the available percentage of 
the nominal capacity for Dryfit and nickel-cadmium 
batteries is shown in Figure 4.7. The shaded area rep- 
resents the variation of capacity of Dryfit batteries from 
low discharge currents to very high currents. The lower 
edge of the band is for a new battery after recharging 
while the upper edge represents the characteristic after 
30-50 charging cycles or several months of trickle 




15 10 15 20 26 

20 h capacity, / x 



Figure 4.6 Energy density comparisons: Dryfit and different 
types of sealed nickel-cadmium battery (6 V). M + ML, prismatic 
sintered cells in plastic cases; RS, sintered round cells (Varta); VR, 
sintered round cells (SAFT); SD, prismatic sintered cells (Varta); 
D, prismatic mass cells (Varta); DK (Courtesy of Dryfit, SAFT and 
Varta) 




Figure 4.7 Removable capacity dependence on charge current: 
Dryfit and nickel-cadmium batteries. Sinter round cells: RS 1 -7, 
1-7 Ah (Varta); VR (SAFT). Prismatic sinter round cells: SD 1 -15, 
1-15 Ah (Varta). Prismatic mass cells: D (Varta). Button cells 
with mass electrodes: DK 1000-3000 (Varta). Prismatic sinter cell 
batteries: ML, M (Varta) (Courtesy of Dryfit) 



charging. From 1 to 40 x I 2 o, the various types of sin- 
tered nickel-cadmium cell perform better than the 
Dryfit batteries, and similar or worse performance is 
obtained up to 20 x I 2 o for the various button cells 
with mass electrodes. 

Looking at the high current end of the curves in 
Figure 4.7, it is clear that definite limits are placed on 
nickel-cadmium batteries. These limits are imposed 
by the maximum allowable discharge current as shown 
in Figure 4.8. The upper curve emphasizes the excep- 
tionally high maximum load capacity of Dryfit batter- 
ies, especially at the lower end of the capacity range 
where it is a number of times greater than that of 
nickel-cadmium batteries. 

The self-discharge properties of sealed nickel-cad- 
mium batteries differ greatly for mass plate and sinter 
plate cells, but compared to the Dryfit battery they 
are substantially inferior. As Figure 4.9 indicates, mass 
plate nickel -cadmium cells discharge at 20°C to half 
their original value after 13 months. The decrease in 
the first months is exceptionally steep and not as flat 
as that for the sealed lead -acid battery (16 months 
to lose half original capacity) - see Figure 4.10. The 
construction of the mass plate cell, whether button cells 
with single or double electrodes, or rectangular cells, 
makes practically no difference. The self-discharge of 
sinter cells, as shown in Figure 4.11, is many times 
greater. After 6 weeks at 20°C, half the capacity has 
already been lost. Compared to lead-acid batteries, 
longer storage of a deeply discharged (due to self- 
discharge) nickel-cadmium battery does not damage 
it, whereas such treatment of discharged lead-acid 
batteries results in an irreversible loss in capacity. 
However, the nickel -cadmium battery' cannot be used 
for applications demanding immediate availability 
without continuous recharging and therefore increased 
maintenance costs. 

Dryfit batteries may be charged and discharged over 
an ambient temperature range of —20 to +50°C. If 
continuous operation at one or more of the extreme 
values is required, a temperature sensor should be used 
to optimize charging. This can, however, be omitted 
if the battery is operated infrequently at extremes of 
temperature during the course of its life. The over- 
charging at high temperatures and the charging, which 
cannot be completed in its usual time at low tempera- 
tures because of the lack of temperature compensation, 
affect the quality of the battery to only a minor degree. 
Short-term temperatures up to 75 3 C can be tolerated. 
No precautions need be taken against the lower temper- 
ature of about — 50°C, since the gelled electrolyte in the 
charged state cannot freeze solid. The nickel-cadmium 
battery also works at its best only if charging takes 
place at 20°C. Many types are severely limited by an 
allowable temperature range of 0 to 45°C for charging. 
Charging to a certain achievable percentage of full 
charge occurs in the freezing range and charging above 
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Figure 4.8 Maximum allowable permanent discharge currents: 
Dryfit and nickel-cadmium batteries with mass electrodes and 
sintered electrodes: 1, Dryfit; 2, nickel-cadmium with sintered 
electrodes; 3, nickel-cadmium with mass electrodes (Varta) 
(Courtesy of Dryfit) 




Standing time (months) 



Figure 4.9 Self-discharge of sealed nickel-cadmium cells at 
different temperatures (Courtesy of Dryfit) 



45°C is possible only for special types using sintered 
plate constructions. Compared to lead-acid batteries, 
charging at temperatures between 40 and 50°C is pos- 
sible only at the expense of considerable loss of capa- 
city. Mass electrode cells exhibit even more changes in 
voltage at extreme temperatures, especially low tem- 
peratures. Sinter electrode cells, despite their increased 
self-discharge, are preferable at extreme temperatures. 
Charging of sinter cells at low temperatures requires a 
reduction in the usual charging current, which in turn 
leads to increased charging times. 



4.2 Nickel- iron secondary batteries 

Nickel-iron batteries commercially available today are 
virtually the same as those developed by Thomas Edi- 
son approximately 70 years ago. The system offers 
very long cycle life but, primarily as the result of 
the iron electrode, a low energy density at high dis- 
charge rates has made this system unattractive for 
electric vehicles. Other problems associated with the 
iron electrode are related to a low hydrogen over- 
voltage potential resulting in poor charge efficiency, 
substantial self-discharge and poor utilization of the 




Figure 4.10 Self-discharge of Dryfit batteries at different temper- 
atures compared with standard battery in lead-antimony alloy. 
1, Dryfit battery (calcium-lead alloy); 2, conventional antimonial 
lead-acid battery (Courtesy of Dryfit) 




Standing time (months) 

Figure 4.11 Self-discharge of sealed sintered electrode nickel- 
cadmium cells at different temperatures (Courtesy of Dryfit) 

active material (approximately 25% of the theoret- 
ical capacity is achieved). However, as a result of 
abundant material, inexpensive design and potential 
high capacity, the iron electrode is experiencing a 
renaissance. 

Recent reports have been very encouraging. A pilot 
production facility is reported which is producing 
nickel-iron batteries with energy densities greater 
than 44Wh/kg. The iron electrode is receiving par- 
ticular interest in Europe and significant improve- 
ments in the performance of nickel -iron batteries 
have been reported. One group reports electrodes that 
yield capacities two to three times greater than that 
of commercially available iron electrodes, provide 
higher numbers of cycles and require an overcharge 
of only 15%. 

Eagle Picher’s experience with the nickel -iron sys- 
tem has been equally encouraging. They have 40 Ah 
nickel-iron cells on cycle test with energy densities 
between 40 and 50Wh/kg. 

The mean discharge voltage of these cells is 1 .2 V. 
The theoretical energy density is 268 W h/kg~ 1 . 

Eagle Picher are active in the development of the 
nickel-iron battery system. Their development pro- 
gramme is primarily targeted for developing the sys- 
tem for use in electric vehicle propulsion. However, 
other applications are lift trucks, deep mining vehicles, 
off-peak utility storage, standby storage and solar. 
Eagle Picher, through a cooperative agreement with the 
Swedish National Development Company, has brought 
into the programme advanced iron electrode techno- 
logy previously not available in the United States. The 




4/14 Nickel batteries 



presently developed technology offers to the user a bat- 
tery with high specific energy, low maintenance, deep 
discharge capability and long cycle life. Full-scale 
electrodes have exceeded 1300 deep discharge cycles. 
Full-scale cells as well as 6 V modules have been fab- 
ricated and show no capacity fade under 100% depth- 
of-discharge cycling. Energy efficiencies are typically 
70% or greater (see Table 4.9). 



Table 4.9 Nickel -iron battery performance 





1980 to present 
state of the art 


Goals 


Specific energy at battery 
level (Wh/kg) 


50 


60 


Energy density at battery 
level (Wh/1) 


102 


120 


Specific peak power at 
battery level (W/kg) 


1 10 


125 


Deep discharge (100%) 
cycle life 


1000 


2000 



Figure 4.12 shows the voltage profile for a single 
nickel-iron cell tested to the constant current modes 
as indicated. 

The set of discharge curves shown in Figure 4.13 
was taken from actual tests of a 280 Ah cell. Note 
the retention of capacity at the higher discharge rates, 
indicating the good power characteristics of this type 
of battery. The 6 V modules shown in Figure 4.14 have 
been fabricated by Eagle Picher, and placed under 
test. Nominal capacities of these modules are 280 Ah 
when discharged at the 3 h rate. Nominal operating 
voltage is 6.15 V. Capacities of these modules have 
been stable under 100% depth of discharge (DOD) 
cycling. Cycle life has presently reached 300 cycles 
as testing continues. Energy densities are 50Wh/kg 
and 102Wh/l respectively, with an energy efficiency 
of 70% or greater. A return factor of 1 10% has been 
established as the most optimum for the nickel-iron 
system with respect to required maintenance. Tests to 
date show no thermal problem to exist with the cur- 
rently established design when the module is subjected 
to the expected vehicle driving profile. 

The nickel -iron system may suffer the disadvan- 
tage of being a vented system, which will require 
periodic maintenance. However, the cost advantage 
is significant in this system’s favour. Combining a 
projected cost of $50- 100/kWh with extremely long 
cycle life, this system could offer an economical type 
of battery for use in electric vehicles. 



4.3 Nickel-zinc secondary batteries 

With the development of new types of separator 
and zinc electrodes, the nickel-zinc battery has now 




0 50 100 50 0 

State of charge (%) 

Figure 4.12 Nickel-iron cell charge/discharge profile (Courtesy 
of Eagle Picher) 




Figure 4.13 Nickel-iron cell constant current discharge profiles 
(Courtesy of Eagle Picher) 




Figure 4.14 280 Ah nickel-iron electric vehicle battery (Courtesy 
of Eagle Picher) 



become competitive with the more familiar battery sys- 
tems. It has a good cycle life and has load-voltage 
characteristics higher than that of the silver-zinc sys- 
tem. The energy available per unit weight and volume 
are slightly lower than those of the silver-cadmium 
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system. Good capacity retention (up to 6 months) has 
made the nickel-zinc battery a more direct competi- 
tor of the silver-zinc and silver-cadmium systems. 
Nickel-zinc batteries are available from only a limited 
number of suppliers (e.g. Medicharge, UK). Yardney 
have pioneered the development of the nickel-zinc 
couple for electric traction, and a number of road 
vehicles that are now operating are powered by Yard- 
ney nickel-zinc experimental batteries. If development 
work is successful, the nickel-zinc battery will be 
a useful contender for electric vehicle propulsion in 
that it will offer a significant performance improve- 
ment over lead-acid at a modest increase in price. 
Of particular importance in the consolidation of the 
design of this battery is the effect of charging on 
cell performance, on frequency of reconditioning and 
on battery cycle life. Certain techniques have been 
identified by Yardney that have a favourable effect 
on these parameters. The main characteristics of the 
nickel-hydrogen battery are listed in Table 4.10. 

Eagle Picher offer a range of vented nickel-zinc 
batteries in the capacity range 2-35 Ah. These 
are commercially available and are particularly re- 
commended for field communication power supplies. 
They are recommended for use whenever one or 
more of the following characteristics are required: 
high voltage (1.5 -1.6V working voltage per cell. 

Table 4,10 Characteristics of Yardney nickel-zinc batteries 



the highest available in alkaline batteries), wide 
temperature tolerances (—39 to +81°C operating 
temperature, —53 to +73°C storage temperature), 
moderate cycle life (150 cycles maximum), and 
recycle flexibility. Eagle Picher claim that, with further 
improvements in design, coupled with a lowering of 
unit costs through mass production, the nickel-zinc 
battery holds promise of the lowest potential 
production cost per unit of energy supplied. The 
batteries have high-rate low-temperature capabilities, 
a flat discharge voltage for a large portion of the 
discharge, which is maintained over a wide current 
range, and can be left fully discharged for long periods 
without deterioration. These batteries are claimed to 
have an excellent shelf life even when wet and a charge 
retention of 60% for 30 days. Charging is non-criticai 
and is carried out for 4h at constant current until 
the voltage rises to 2.1V, when charging is stopped. 
The batteries can be fully recharged with 10-15% 
overcharge. 

The basic cell reaction is: 

2NiOOH + Zn + 2H 2 0 Ni(OH) 2 + Zn(OH), (4.1) 

Until recently one company (Yardney) offered a range 
of vented nickel-zinc cells in the capacity range 2 to 
35 Ah at a working voltage of 1.6 V per cell. Typical 
characteristics of a 5 A h nickel zinc battery are shown 



Theoretical energy density 
Practical energy density 
Open-circuit cell voltage 
Nominal voltage under load 
Voltage regulation 
Recommended discharge 
cut-off voltage 
Cycle life 



Wet life 

Dry storage life 

Gassing on discharge or stand 

Operational temperature 

range 

Storage temperature range 
Operating attitude 
Internal resistance 
Resistance to mechanical stress 



Charging time 
Charge retention 



374 W h/kg 

44-77 Wh/kg and 79-134Wh/dm 3 depending on cell model and conditions of use 
1.75- 1.8 V (i.e. the highest operating voltage of any of the alkaline batteries) 

1.6V 

±5% at a fixed load and temperature limits within ±5°C 
1.0V 

Dependent on model and conditions of use; typical number of complete 
charge/discharge cycles obtainable: 

Depth of discharge (% ) Approx, cycles 
95-75 100-200 

75-50 200-400 

50-25 over 400 

Up to 3 years when manufacturer’s recommended charge and discharge rates are 
used and operating and storage temperatures do not exceed 37°C 
Up to 5 years 
Slight 

+73 to — 2T’C; down to — 53°C with heaters; for optimum cell performance, from 
+56 to — 45°C 

Wet, +37 to — 47°C; dry +73 to -64°C 

In any position although, for optimum service, upright is recommended 

Very low; varies with cell model, temperature and rate of discharge 

Excellent, extremely rugged, leakproof and spillproof. Construction similar to design 

of Yardney Silvered batteries which have met the stringent requirements of Spec. 

MIL E-5272A. Can be packaged to meet the most severe requirements 

Can be fully recharged within 10-20 h, depending on requirements and type of cell 

Up to 70% of nominal capacity after 6 months charged stand at room temperature 
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Figure 4.15 (a) Eagle Picher NZS/5.0 (5 Ah) nickel-zinc battery at 27°C (Courtesy of Eagle Picher) (b) Projected effect of discharge 
temperature on a Yardney nickel-zinc cell of 300 Ah capacity (Courtesy of Yardney) 



in Figure 4.15(a). If the battery is operated in a cold 
climate performance is affected (Figure 4.15(b)) and a 
cooling or heating system is required. 

This system has never really been commercially 
successful. Despite all efforts the system is plagued 
by poor cycle life. Even in recent trials on prototype 
Yuasa electric vehicle batteries only 200 cycles were 
obtained. 

4.4 Nickel-hydrogen secondary 
batteries 

Some of the advantages of the nickel-hydrogen com- 
pared to nickel-cadmium battery are: (a) longer cycle 
life; (b) higher specific energy; (c) inherent protection 
against overcharge and overdischarge (reversal) and 
(d) cell pressure can be used as an indication of state 
of charge. Some of the disadvantages are (a) relatively 
high initial cost due to limited production, which could 
be offset by cycle life costs, and (b) self discharge 
which is proportional to hydrogen pressure. 

Nickel -hydrogen batteries have captured a large 
share of the space battery market in recent years. 

For a representative Spacenet battery cell the dis- 
charge voltage plateau as a function of ampere-hours 
removed at 0, 10, and 20°C is relatively independent 
of temperature over the range tested. 

The effect of discharge rate on capacity at 10°C 
for a representative 48 ampere-hour Hughes cell is 
relatively independent of the discharge rate over the 
range tested. In general, the charge voltage increases 
with decreasing temperature. The pressure increases 
with state of charge. The temperature effect on cell 
pressure is minor over the range tested. 

During normal operation of a sealed rechargeable 
nickel-hydrogen battery cell, hydrogen is produced 
during charge and consumed during discharge. The 
hydrogen pressure is proportional to the ampere-hours 
into or out of the cell and can be used as an indica- 
tor of stage of charge. A linear variation of pressure 



occurs with state of charge. It should be noted, how- 
ever, that the cell pressure can increase with cycling; 
this can cause a shift in the state of charge versus 
pressure curve. In a nickel-hydrogen cell the hydro- 
gen gas is not isolated. It comes into direct contact 
with the nickel electrodes, resulting in a relatively 
slow discharge on the NiOOH active electrode mass. 
The rate of this reaction is dependent on temperature 
and hydrogen pressure. The Spacenet battery cells on 
average lose about 15.5% capacity during a 72 hour 
open circuit stand at 10°C. For a low earth orbit cycle 
regime the self-discharge is acceptable. For extended 
storage, however, the batter}' should be trickle charged 
if a full charge is required. They are rapidly replac- 
ing nickel-cadmium as the energy storage system of 
choice. In Table 4. 1 1 characteristics are listed of three 
commercially available types of nickel-hydrogen cells 



Table 4.1 1 Characteristics of three types of nickel-hydrogen 
cells and batteries 





Spacenet 

Comset 

Design 

+ 


Intelstat V 
Comset 
Design 


Superbird 
(similar to 
Airforce Hughes 
Design) 


Individual cells 
Rated capacity (A h) 


40 


30 


83 


Weight (kg) 


117 


0.89 


1.87 


Capacity (Ah) 
20° C 


42 


32 


92 


0°C 


50 


35 


- 


Discharge 
voltage (V) 


1.25 


1.25 


1.24 


Specific energy 
W h kg - 1 at 20° C 


44.6 


44.8 


60.9 


27 cell batteries 
Battery weight (kg) 


32.6 


30.1 


64.5 


Energy Wh at 10°C 


1328 


1174 


3448 


Specific energy 
Wh/kg _1 at 10°C 


40.7 


39 


53 
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Table 4.12 Summary of LEO cycle life test results for IPV Ni-H 2 battery cells 



Manufacturer 


No. 

cells 


Capacity 

(Ah) 


Cycle 

regime 


DOD 

(%) 


T 

(°C) 


Cycles 


Status 


Test 

laboratory 


Hughes 


3 


50 


LEO 


40 


10 


19000 


No failures 
test continuing 


GE Astro Space 


Yardney 


5 


50 


LEO 


40 


10 


18000 


No failures 
test continuing 


Martin Marietta 


GE (now Hawker 
Energy Inc.) 


16 


50 


LEO 


40 


10 


15968 


No failures 
test continuing 


Martin Marietta 


Eagle-Picher 


16 


50 


LEO 


40 


10 


16912 


No failures 
test continuing 


Martin Marietta 



which to some extent must be regarded as still under 
development. These include the Spacenet and Intel- 
stet V cells available from Comsat/Intelstat (US) and 
the Superbird cell V available from Airforce Hughes 
(US). Data is also given for 27 cell batteries made up 
from these individual cells. 

The capacity decreases, as expected, with increasing 
temperature. For the superbird battery the capacity at 
35°C is only about 57% of the capacity at 0°C, at 30 C C 
about 67%, at 20°C about 81%, and at 10°C about 
94%. For the Spacenet cells, on average the capacity 
at 20°C is about 84% of the capacity at 0°C, and at 
10°C about 97%. 

Some information on life cycle tests carried out on a 
range of commercially available nickel-hydrogen cells 
is summarized in Table 4.12. 

Cycle tests are continuing and databases being 
developed. Cycles of 6000- 19 000 have been achieved 
with tests continuing in orbit and ground-based trials. 
A way of increasing cycle life at 80% depth of dis- 
charge is to decrease the potassium hydroxide elec- 
trolyte concentration from 31% to, say, 26%. Approx- 
imately 40000 cycles to 80% depth of discharge have 
been achieved using a 26% potassium hydroxide elec- 
trolyte compared to 3500 cycles at 80% depth of dis- 
charge using 3 1 % potassium hydroxide. 

The present state of development of individual pres- 
sure vessel (IPV) nickel-hydrogen battery cells is that 
they are acceptable where not many cycles are required 
over life, i.e. 1000 cycles over 10 years of geosyn- 
chronous orbit applications, but are not acceptable in 
applications where many cycles are required, typically 
30000 over five years. In low earth orbit applications 
only 6000 to 10000 cycles at 80% depth of discharge 
can be achieved. 

4.5 Nickel-metal hydride secondary 
batteries 

For those battery users who need high power in a small 
package and are willing to pay a premium for it, there 
is a new option. Battery manufacturers have begun 
to tap the potential of nickel -metal hydride couples 
which offer significant increases in cell power den- 
sity. These extensions of the sealed nickel -cadmium 



cell technology to new chemistry are just becom- 
ing available for product applications such as note- 
book computers. 

In general the nickel-metal hydride cell per- 
forms in a similar manner to conventional nickel- 
cadmium cells. 

The cell volumetric energy density is currently 
between 25 and 30% better than high-performance 
nickel-cadmium cells or close to double the energy 
density of ‘standard’ nickel-cadmium cells. This 
translates to a present capacity for a Cs cell of 2700 
milliampere-hours (mAh) in nickel-metal hydride vs 
2000 mA h for nickel-cadmium cells. Improved design 
and materials usage optimization is anticipated to result 
in about 30% increase in capacity for metal-hydride 
cells over the next 5 to 6 years. Although first devel- 
opment and application of the metal -hydride cell has 
been for medium-rate applications, high-rate discharge 
capability has proven to be acceptable as well. 

Behaviour of the nickel-metal hydride cell on 
charge and its tolerance for overcharge is very sim- 
ilar to that of the nickel-cadmium cell. There are two 
areas where differences between the two chemistries 
should be recognized: 

1 . The metal hydride charging reaction is exothermic 
while the nickel-cadmium reaction is endothermic. 
This means the metal hydride cell will warm as 
it charges whereas the nickel-cadmium cell tem- 
perature remains relatively constant and the cell 
moves into overcharge. However, the metal hydride 
cell still retains the marked increase in temperature 
on overcharge which makes temperature-sensing 
charge termination schemes feasible. The cells can 
be discharged at the 2-4°C rate and charged at the 
1°C rate. 

2. The voltage profile on charge for nickel -metal 
hydride cells shows a less dramatic decline at over- 
charge than seen with nickel-cadmium cells. As 
nickel -cadmium cells move into overcharge, the 
voltage peaks, and then begins a distinct decline. 
Some nickel-cadmium charging schemes have 
based charge termination on this negative slope to 
the voltage curve (— AU charging). Design of such 
systems to work with nickel-metal hydride cells 
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will require careful attention to selection of proper 
charge parameters. 

Despite these differences, fast charging (return to 
full capacity in 1 hour or less) of nickel-metal hydride 
cells with appropriate charge control and termination 
is fully feasible. In general, the same methods of char- 
ging used for nickel-cadmium cells work well for 
nickel -metal hydride although some of the control 
parameters may require adjustment for optimum per- 
formance and service life. 

The nickel-metal hydride cell is expected to have 
a service life approaching that of the nickel -cadmium 
cell. Effects of operating temperature on both discharge 
performance and charge acceptance are also similar 
between cells. 

One difference in performance between the two cell 
types occurs in self-discharge, i.e. loss of capacity 
in storage. The nickel-metal hydride cell currently 
self-discharges at a slightly higher rate (about 5% 
per day) than that seen with nickel-cadmium cells 
in storage. Development work is targeted at reducing 
the self-discharge rate to about the level seen with 
nickel-cadmium cells. Based on normal usage profiles 
expected with portable computers, self-discharge is not 
a major problem in this application. 

Extensive testing of the environmental impact of 
the materials used in nickel-metal hydride cells 



has to date not identified any significant concerns. 
The occupational health and environmental disposal 
concerns associated with the use of cadmium in 
nickel-cadmium cells appears to have been eliminated 
with nickel-metal hydride cells. Testing of metal 
hydride cells indicates that their leachable cadmium 
content is below EPA’s threshold limit value. 
Cadmium content of metal hydride cells is below the 
European Community’s limit of 0.025% by weight. 
No other environmental problems have been associated 
with the metal hydride cell. However, the performance 
and environmental benefits of nickel-metal hydride 
cells come at a price. At this time, the price per 
cell for metal hydride cells is approximately double 
an equivalent high-performance nickel -cadmium cell. 
This price premium will decline within the next couple 
of years as production volumes increase. 



4.6 Sodium-nickel chloride secondary 
batteries 

These newly developed cells, discussed further in 
a later section, operate at high temperatures around 
300°C. Their open circuit voltage is about 2.6 V in the 
200-300°C temperature range. The theoretical energy 
density is about 750Wh/kg _1 against practically real- 
ized values of lOOWh/kg - " 1 (160Wh/duT 3 ). 




Silver batteries 




Contents 

5.1 Silver oxide-zinc primary batteries 5/3 

5.2 Silver-zinc secondary batteries 5/4 

5.3 Silver-cadmium secondary batteries 5/5 

5.4 Silver-hydrogen secondary batteries 5/8 




Silver oxide-zinc primary batteries 5/3 



5.1 Silver oxide-zinc primary 
batteries 

The weight and size of a silver-zinc battery or cell is 
less than half that of a lead-acid or nickel -cadmium 
type of similar capacity. The silver oxide-alkaline zinc 
(Ag 2 0 KOH Zn) primary' battery is a major contribu- 
tion to miniature power sources, and is well suited 
for hearing-aids, instruments, photoelectric exposure 
devices, electronic watches and as reference voltage 
sources. 

Silver oxide batteries provide a higher voltage than 
mercuric oxide batteries. They offer a flat voltage 
characteristic and have good low-temperature charac- 
teristics. Their impedance is low and uniform. The 
silver oxide cell operates at 1.5 V (open circuit volt- 
age 1.6 V) while mercury cells operate at about 1.35 
or 1.4 V. Two major suppliers, Union Carbide and 
Mallory, supply silver-zinc button cells in capacity 
ranges between 35 and 210 mAh and 36 and 250 mAh 
respectively. Cylindrical and button cells are avail- 
able from various suppliers. The impedance of silver 
oxide batteries for hearing-aid use is low and consis- 
tent. It does not rise appreciably until after the volt- 
age of the battery has fallen below a useful operating 
level. 

Silver oxide cells have excellent service mainten- 
ance; generally 90% after 1 year’s storage at 21 °C, 
and for up to 2 years without serious detriment. Cells 
will last up to 5 year's in inactive sealed storage 
conditions. 

There are numerous applications in the aerospace 
field, particularly where a high energy density bat- 
tery is required which can offer both fast activation 
and a long wet-stand charged life. It was to meet this 
demand that Yardney Electric launched the primary 



PM Silvercel battery. This manually filled silver-zinc 
battery, which has a higher specific energy output than 
alkaline manganese, carbon-zinc or mercury types 
of battery, provides rapid activation and an activated 
stand time far longer than that of any other high-energy 
primary. Additionally, it offers a limited recyclabil- 
ity which allows performance testing before actual 
use. Silver-zinc batteries have surpassed the stringent 
mechanical requirements of missile applications and 
proved their ruggedness and reliability in the field. 
The following advantages are offered by this battery 
system over alternative systems: up to 75% higher 
capacity, or higher capacity with optimum life, or 
higher voltages at peak pulses. By carefully choos- 
ing the critical application requirement that must be 
met, whether it be capacity, life or voltage, and then 
optimizing these in relationship to each other, it is 
possible to satisfy the single most stringent demand. 
The characteristics of the Yardney PM cell are iden- 
tical to those of the Yardney HR and LR Silver- 
cel rechargeable secondary battery system with the 
exception that cycle life and wet life are somewhat 
limited. 

Details of the types of silver-zinc batteries available 
from some suppliers are tabulated in Table 5.1. 

Performance data for monovalent silver oxide 
(Ag 2 0)-zinc primary watch cells and divalent silver 
oxide (AgO)-zinc primary watch cells are given in 
Table 5.2 

5.1.1 Remotely activated silver oxide-zinc 
batteries 

Silver-zinc primary batteries can be remotely activ- 
ated for single use within seconds or fractions of a 
second, even after long-term storage, by inserting the 



Table 5.1 Equivalents in silver-zinc cells using the silver oxide system 



Nominal 

voltage 

(V) 


Nominal 

capacity 

(mAh) 


Height 

(mm) 


Diameter 

(mm) 


Duracell 

(Mallory) 


1EC 


National 


Ray-o-Vac 


Ucar 


Varta 


1.5 


115 


4.19 


11.56 


WS11 


SR43 


WSll 


RW 14, RW34 


301 


528 


1.5 


83 


3.43 


11.56 


WS12 










529 


1.5 


- 


6.33 


11.56 


10L14 


SR44 


WL14 


RW22. RW42 


357 


541 


1.5 


85 


3.48 


11.56 


IOL120 










549 


1.5 


70 


2.79 


11.56 


IOL122 












1.5 


75 


5.33 


7.75 


IOL123 


SR48 


WS6 


RW18, RW28 


309 


546 
















RW28, RW48 


393 




1.5 


120 


4.19 


11.56 


IOL124 


SR43 


WL1 1 








1.5 


38 


3.58 


7.75 


IOL125 


SR41 


WSI/ 


RW24, RW44 


386 


548 














WL1 


RW47 


384 


527 


















392 


547 


1.5 


250 


4.83 


15.49 


IOL129 






RW15, RW25 


355 


















RW35 






1.5 


200 


5.59 


11.56 


WS14 




WSI 4 


RW12, RW32 


303 


521 


1.5 


180 






MS76H 








EPX77 


7301 


1.5 


70 






MS13H 










7306 


1.5 


120 






MS41H 










7308 
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Table 5.2 Performance characteristics of monovalent and 
divalent silver oxide-zinc primary watch cells (392 size) 





AgiO-Zn type 


AgO-Zn type 


Energy density 
Wh/L“' 


500 


680 


Wh/kg -1 


120 


160 


Voltage 

Nominal 


1.60 


1.70 


Working 


1.50 


1.50 


Nominal rate 

Capacity mA/cm -2 initial 


25 


25 


Backlight pulse 
at 80% DOD 


10 


15 


Life, capacity 
mAh -1 per cell 


38 


52 


Sendee years 

LCD , 


2.17 


2.97 


LCD backlight pulse j 


1.52 


2.08 


analogue 
Shelf life (year’s) 


5 


5 


Temperature (°C) 
Storage 


—40 to 60 


-40 to 60 


Operation 


-10 to 55 


-10 to 55 


Capacity loss per 
annum at 21°C (%) 


3 


4 



electrolyte under pressure. In addition to a unit contain- 
ing dry charged plates they also contain an electrolyte 
vessel from which the cells are filled by electrical or 
mechanical means. Pile batteries are a new develop- 
ment of remotely activated primary batteries which 
confer a very high density on the battery. 

The battery has no moving parts. It has an extended 
shelf life. It can be activated directly into a load or in 
parallel with a mains system. The open-circuit voltage 
of this battery is 1.6- 1.87 V with a working voltage 



of 1.20- 1.55 V. The battery operating temperature 
is —29 to +71°C and, with water assistance, —48 
to -K71°C. The energy density is ll-66Wh/kg or 
24-213 Wh/dm 3 , depending on battery size. Units are 
available in the weight range 0.14- 135 kg. 

5.2 Silver-zinc secondary batteries 

Work on the development of silver-zinc batteries 
began in 1942. This battery contains silver oxide as 
the positive electrode and zinc as the negative elec- 
trode and has an alkaline electrolyte. This combination 
results in what is, for alkaline batteries, a very high 
constant discharge voltage of approximately 1.8 or 
1 .5 V/cell respective to the two-step voltage discharge 
characteristic of silver-zinc batteries. 

Rechargeable silver-zinc batteries can provide 
higher currents, more level voltage and up to six 
times greater ampere hour capacity per unit weight 
of battery. Thus, depending on the type of silver-zinc 
battery and by whom it was manufactured, one can 
obtain 70-120Wh/kg (as batteries) or 55-120Wh/kg 
(as cells) (theoretical value 440Wh/kg) for a 
silver-zinc battery compared to 30Wh/kg for a 
lead-acid battery and 25-30 Wh/kg for a nickel-zinc 
or a nickel-cadmium battery (Figure 5.1). Similarly, 
the silver-zinc battery gives appreciably greater 
volumetric outputs (Wh/dm 3 ) than the other types 
of battery. Eagle Picher, for example, produce 
units with a practical volumetric energy density of 
50-415 Wh/dm 3 as cells and 55-262Wh/dm 3 as 
batteries. These are thus an attractive type of battery 
in circumstances where space availability is low or 
battery weight has to be kept low, and where the power 
output requirement is high. Because it can generate 
the same amount of electrical energy as other battery 
systems, in packages as little as one-fifth of their 
weight, the silver-zinc battery provides a long-sought 
answer to the design engineer’s critical need for space 




Figure 5.1 Comparison of discharge characteristics of a silver-zinc battery with other types (all the same weight) under the same 
conditions: Silvercel, Union Carbide silver-zinc; Silcad, Union Carbide silver-cadmium (Courtesy of Union Carbide) 
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and weight savings. Because it is capable of delivering 
high watt hour capacities at discharge rates less than 
30 min, the silver-zinc battery is used extensively, 
for example, in missile and torpedo applications. Its 
high energy density makes it attractive in electronics 
applications, satellite and portable equipment where 
low weight, high performance and low cost are prime 
considerations. It is highly efficient and mechanically 
rugged, operates over a wide temperature range, and 
offers good shelf life; quick readiness for use and 
the ability to operate at temperatures down to — 40°C 
without heating, and up to 73°C, are two of the features 
of this battery. The corresponding battery storage 
temperatures are — 53°C and 73°C. Eagle Picher claim 
a dry shelf life of 2.5 years and a wet shelf life of up to 
1 year at 21°C for their silver-zinc batteries. In excess 
of 500 cycles are claimed with a charge retention of up 
to 1 year at 26°C. Either constant-current or constant- 
potential (1.96-1.98 V) charging methods can be used 
and 16 h is a typical recharge time. 

The extremely low internal resistance of silver-zinc 
batteries permits discharges at rates as high as 30 times 
the ampere hour capacity rating, and its flat voltage 
characteristic enables highest operational efficiency 
and dependability. Cells have been built with capacity 
ranging from 0.1 Ah to 20000 Ah. 

The cells are leakproof and spillproof. The sil- 
ver-zinc battery is available in high-rate and low-rate 
cells, i.e. it can be subject to high or low rates of 
discharge. 

Rechargeable silver-zinc batteries are available as 
cells for discharges at high discharge rates (high-rate 
batteries) where the total energy must be delivered 
within 1 h or as low-rate versions with discharge times 
of 2h or more. The latter type can be discharged 
in from 2h down to a few minutes. The high-rate 
and low-rate systems differ principally in their elec- 
trode surface areas and the thickness of the separators 
between the plates, both of which have an effect on 
the internal resistance of the cell. 

Silver-zinc batteries are also available in modular 
packs; one supplier (Yardney) supplies packs in nor- 
mal capacities between 3 and 80 Ah. These batteries 
have voltages between 2.8 and 15.8 V and equivalent 
energy densities of about lOOWh/kg, which exceeds 
the energy of a nickel -cadmium battery by four times 
and a lead-acid battery by five times. They are, of 
course, more expensive, but in many applications their 
characteristics make them an attractive alternative. 

Untii recently, the fact that the rechargeable sil- 
ver-zinc battery has been more expensive and more 
sensitive to overcharge and has a shorter cyclic life 
than conventional storage batteries has limited it to 
applications where space and weight are prime consid- 
erations. However, long-life silver-zinc batteries have 
now been developed in which up to 400 cycles over a 
period of 30 months can be achieved with ease. 



The data below indicate, in brief, the performance 
capabilities achieved with silver-zinc cells supplied by 
Yardney showing the requirements which can be met: 

1. Vibration: 30-40 sinusoidal vibration. 

2. Random Gaussian vibration: 5-2000 Hz band, 
with as high as 60 g r.m.s. equivalent in both 
non-operational and operational conditions; hard 
mounted unit. 

3. Shock: tested up to 200 g in all directions. 

4. Acceleration: 100g in all directions of sustained 
acceleration, except in the direction of the vent for 
vented cell systems. 

5. Thermal shock: from +70 to — 50°C and repeated, 
with stabilization occurring at each temperature. 

6. Altitude: successful activation, and operation at a 
simulated altitude of 60 km, for a period of lh 
without pressurization; with pressurization there is 
no limit. 

Table 5.3 gives the basic characteristics of the high- 
rate and low-rate versions of the Yardney Silvercel. 

5.3 Silver-cadmium secondary 
batteries 

The silver-cadmium battery has a voltage of 
1.4- 1.1 V/cell (open circuit), 0.9-1.14 V/cell (closed 
circuit) and combines the high energy and excellent 
space and weight characteristics of the silver-zinc 
battery with the long life, low-rate characteristics 
and resistance to overcharge of the nickel-cadmium 
battery. Operating temperatures are between — 43°C 
and 75°C. The silver-cadmium battery also provides 
high efficiency on extended shelf life in the charged or 
the uncharged condition, level voltage and mechanical 
ruggedness. Watt hour capacity per unit of weight 
and volume is two to three times greater than 
that of a comparable nickel-cadmium battery, and 
the silver-cadmium battery has superior charge 
retention. The principal characteristics of silver-zinc 
and silver- cadmium cells and batteries are compared 
and their important differences shown in Table 5,4. 
The silver-cadmium battery promises great weight 
and space savings and superior life characteristics 
to those of nickel-cadmium batteries currently in 
use as storage batteries in most satellite programmes. 
Yardney have reported 6000 cycles with a 50% depth 
of discharge in satellite applications. 

Prior to the introduction of silver-cadmium batter- 
ies most available types of battery fell into the cat- 
egories of low-energy long-life types or high-energy 
short-life types. Silver-cadmium batteries go a long 
way to combining the best features of both types giv- 
ing two to three times more energy density per unit 
of volume than the lead-acid, nickel-cadmium and 
nickel -iron systems, and at the same time offering 
ruggedness and long life (Figure 5.2). 
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Figure 5.2 Comparison of energy density at various discharge 
rates: Silcad silver-cadmium batteries (Courtesy of Union 
Carbide) 

Although the theoretical energy density of the 
silver-cadmium battery is 310Wh/kg, the actual 



energy density of practical batteries is in the 
range 24-73 Wh/kg as cells and 18-44Wh/kg as 
batteries. The practical volumetric energy density is 
36-171 Wh/dm 3 as cells and 24-122 Wh/dm 3 as 
batteries. 

The low internal resistance of silver-cadmium bat- 
teries permits heavy drains and wide variations in 
load at virtually constant voltage. Leakproof, spill- 
proof packaging with high impact strength helps ensure 
dependable operation under severe environmental and 
mechanical stress conditions. The extremely low in- 
ternal resistance of silver-zinc batteries permits dis- 
charges at rates as high as 30 times the ampere hour 
capacity rating, and its flat voltage characteristic allows 
the highest operational efficiency and dependability. 
Cells have been built with capacity ranging from 
0.1 Ah to 20000 Ah. The use of silver in silver- zinc 
and silver-cadmium cells obviously increases initial 



Table 5.3 Characteristics of Yardney HR and LR Silvercell silver-zinc batteries 



Chemical reacdon 

Energy output 
Open-circuit voltage 

Nominal voltage under load 
Plateau voltage regulations 

Recommended discharge 
cut-off voltage 

Recommended charge cut-off 
voltage 

Cycle life (before output drops 
to 80% of nominal capacity- 
depends on model and 
conditions of use) 



Dry' storage life 
Operating (wet) life 

Gassing on discharge or stand 
Operational temperature 
range 

Storage temperature range 
Operating attitude 
Internal resistance 
Resistance to mechanical stress 



Charging time 
Charge completion 
Charge retention 



Ag + Zn(OH)z = AgO + Zn + H 2 O 
discharged charged 

20- 120 Wh/kg; as much as 220 Wh/kg for certain types 
1.86 ± 0.04 V (70-100% charged) 

1.60 ± 0.04 V (30-70% charged) 

1.50 V 

±2% at a fixed load and temperature limits within ±5°C 
1.00 V 

2.05 V 

HR cells: 5-20 cycles (1 h rate) 

10-15 cycles (30 min rate) 

5-10 cycles (time-limited discharge) 

1 cycle (6 min rate or higher, full-capacity discharge) 

LR cells: 80-100 cycles 
Up to 5 years 
HR cells: 6-12 months 
LR cells: 1-2 years 
Very slight 

+7 to — 23°C down to — 50°C with heaters; optimum cell performances at 51-10°C 



Wet, 37 to — 48°C; dry, 73 to -65°C 

In any position, although for optimum service upright is recommended 
Very low, varies with cell model, temperature and rate of discharge 
Excellent; Silvercell batteries have met the stringent requirements of Spec. 
M1L-E-5272A and are currently used in missiles, rockets, torpedoes, etc.; they are 
extremely rugged, leakproof and spillproof, and can be packaged to meet the most 
severe requirements 

Can be fully recharged in 10-20 h, depending on requirements and type of cell 

Indicated by sharp rise in cell voltage at 2.0 V/cell during charge 

Up to 85% of nominal capacity after 3 months charged stand at room temperature 



These data apply mainly to individual cells; when the cells are assembled to form batteries, performance will be determined by specific application 
and packaging requirements. HR = high-rate batteries; LR = low-rate batteries 
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Table 5.4 Comparison of characteristics of Yardney Silvercell and Silcad batteries 





Silvercel (silver-zinc) 


Silcad (silver-cadmium) 


Energy output 






Wh/kg 


88-110 


48-75 


W h/dm J 


150-190 


90-160 


Open-circuit voltage 


1.82-1. 86V 


1.40 + 0.04 V 
(70-100% charged) 


Nominal voltage under load 


1.5 V 


1.1 V 


Plateau voltage regulation at 
fixed load and ±5°C 


2% 


5% 


Cycle life (dependent on model 


LR series: 


150-300 cycles (3000 cycles under ideal 


and usage conditions); typical 


80-100 cycles 


conditions) 


life to 80% of nominal 


HR series: 






1 h rate, 15-20 cycles 
30 min rate, 10-15 cycles 
lOmin rate, 5-10 cycles 
6 min rate, single cycles 




Operating life; wet shelf life 


LR series: 1 -2 years 


2-3 years 


(varies with temperature and 
state of charge) 


HR series: 6-12 months 




Dry storage life 


Up to 5 years 


Up to 5 years 


Operating temperature range 


+73 to — 21°C with heaters; optimum 


+73 to — 21°C with heaters; optimum 




performance 10-5TC 


performance 10-5rC 


Storage temperature range 


Wet: +37 to -47° C 


Wet: +37 to -47° C 




Dry: +73 to — 64°C 


Dry: +73 to — 64°C 


Operating attitude 


Any position except inverted; for 


Any position except inverted; for 




optimum service, use upright 


optimum service, use upright 


Internal resistance 


Vety low, varies with cell model design, 


Very low, varies with cell model design, 




temperature and discharge rate 


temperature and discharge rate 


Resistance to mechanical sress 


Excellent 


Excellent 




Both types have met the stringent requirements of Spec. MIL-E-5272A and are 
currently used in missiles, rockets, torpedoes and Moon/space applications; 
extremely rugged, leakproof and spillproof, they can be packaged to meet the most 




severe requirements 




Charging times (dependent on 
cell design) 


10-20 h 


10-20 h 


Charge completion 


Sharp voltage rise at 2.0V/cell 


Shaip voltage rise at 1.55-1. 6 V/cell 


Charge retention 


Up to 85% of nominal capacity after 3 


Up to 85% of nominal capacity after 3 




months’ charged stand at room 


months’ charged stand at room 




temperature 


temperature 



costs (although silver costs are recoverable) and intro- 
duces security problems when compared to other bat- 
tery systems such as lead-acid, nickel -cadmium, etc. 
However, when space and weight are limiting factors, 
the silver-zinc system is a very attractive proposition. 

The full range of characteristics of silver-cadmium 
batteries is given in Table 5.5. 

These batteries are available in high and low 
rate versions (0.1 -300 Ah) and in modular packs 
(2- 10 Ah) from Yardney and other suppliers. 

The major application for the high-rate series is 
for service conditions where maximum energy density 
and voltage regulation at high rates of discharge are 



required throughout a cycle life of 6-18 months. This 
system also has an exceptional ability to retain its 
charge during long periods of wet storage. 

The major application for the low-rate series is 
for service conditions where maximum energy density 
and voltage regulation at low rates of discharge are 
required throughout a cycle life of 12-36 months. The 
system also has an exceptional ability to retain its 
charge during long periods of wet storage. 

Constant-current charging is recommended for sil- 
ver-cadmium batteries, with a charge rate of one-tenth 
nominal capacity to 1.65V/cell or 1.55V/cell mini- 
mum. Alternatively, constant-potential charging can be 
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Table 5.5 Characteristics of Yardney Silcad silver-cadmium batteries 



Chemical reaction 

Energy output 
Open-circuit voltage 

Nominal voltage under load 
Plateau voltage regulations 

Recommended discharge 
cut-off voltage 

Recommended charge cut-off 

voltage 

Cycle life 



Wet life 

Dry storage life 

Gassing on discharge or stand 

Operational temperature 
range 

Storage temperature range 
Operating attitude 
Internal resistance 
Resistance to mechanical stress 



Charging time 
Charge retention 



Ag + Cd(OH) 2 = AgO + Cd + H 2 0 
discharged charged 

Theoretical 310Wh/kg; 48-75 Wh/kg; 90-160Wh/dm 3 

1.40 ± 0.04 V (70-100% charged) 

1.16 ± 0.04 V (30-70% charged) 

1.1V 

±5% at a fixed load and temperature limits within ±5°C 
0.60 V 

1.65 V (indicated by sharp rise in cell voltage at 1.55-1. 60 V/cell during charge) 

Dependent on model and conditions of use; typical number of complete 
charge/discharge cycles obtainable: 

Depth of discharge(%) Approx, cycles 

95-75 200-300 

75-50 300-600 

50-25 over 600 

Up to 3 years when manufacturer’s recommended charge and discharge rates are 
used and operating and storage temperatures do not exceed 37°C 
Up to 5 years 
Very slight 

+73 to — 21°C; down to — 53°C with heaters; for optimum cell performance, from 10 
to 51°C 

Wet, +37 to — 47°C; dry +73to - 64°C 

In any position although, for optimum service, upright is recommended 
Very low; varies with cell model, temperature and rate of discharge 
Excellent, extremely rugged, leakproof, spillproof. Construction similar to design of 
Yardney Silvercel batteries which meet requirements of Spec. MIL-E-5272A, and 
are currently used in missiles, rockets, torpedoes, etc. Can be packaged to meet the 
most severe requirements 

Can be fully recharged within 10-20 h, depending on requirements and type of cell 
(in some cases rapid charging possible) 

Up to 85% of nominal capacity after 3 months’ charged stand at room temperature 



adopted with an input of 1 .65 ± 0.02 V. With constant- 
potential charging the current is limited to one-fifth of 
nominal capacity charging to the trickle charge rate. 

5.4 Silver-hydrogen secondary 
batteries 

Eagle Picher have also explored the possibilities of 
developing a silver-hydrogen battery using similar 



design concepts to those of their nickel-hydrogen sys- 
tem. The silver-hydrogen couple is believed to be 
capable of achieving energy densities in the range 
90- 110 Wh/kg with maximum cell operating pres- 
sure of 2.75 kN/m 2 and an energy volume relation- 
ship of between 61 and 79 Wh depending on cell 
design. The silver-hydrogen system is believed to be 
capable of 600 deep discharge cycles (80-90% depth 
of discharge). 
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6.1 Alkaline manganese primary 
batteries 

Alkaline manganese batteries are a direct competitor 
to the standard carbon-zinc (Leclanchc) battery over 
which, in certain applications, they enjoy advantages in 
performance. The primary alkaline manganese battery, 
which first became available in 1960, represents a 
major advance over the standard carbon-zinc battery 
and meets the growing need for a high-rate source of 
electrical energy. 

Alkaline manganese batteries have a high depolar- 
izing efficiency. On continuous or heavy drains they 
perform very well and have distinct advantages over 
the relatively cheaper carbon-zinc batteries, on a per- 
formance per unit cost basis. Both alkaline manganese 
and mercury batteries have a superior operating life 
to carbon-zinc batteries. For applications where volt- 
age stability and extremely small size are not of prime 
importance, the alkaline manganese battery may be 
considered preferable to the more expensive mercury 
battery. As with the mercury battery, the alkaline man- 
ganese batter}' has a long shelf life, is self-venting 
and is of corrosion-free construction. Alkaline man- 
ganese batteries are capable of providing heavy cur- 
rents for long periods, which makes them very suitable 
for applications requiring high surge currents, and can 
operate successfully at temperatures between —20 and 
+70°C; in certain cases even higher temperatures can 
be tolerated. 

The voltage of an alkaline manganese cell is 1.5 V 
in standard N, AAA, AA, C and D cell sizes. 
Batteries are available with voltage up to 9 V and in 
a number of different service capacities. The closed- 
circuit voltage of an alkaline manganese battery falls 
gradually as the battery is discharged (Figure 6.1). This 
stability is superior to that obtained with a carbon-zinc 
battery but distinctly inferior to that obtained with a 
mercury-zinc battery. 

Alkaline manganese batteries perform similarly to 
carbon -zinc batteries in that the service hours deliv- 
ered are greater when the cut-off voltage is lower. The 
cut-off voltage should be made as low as possible so 
that the high energy density of the cell can be used. 



Service capacity remains relatively constant as the dis- 
charge schedule is varied. Capacity does not vary as 
much with current drain as for the carbon-zinc bat- 
tery. Service capacity ranges from several hundred mil- 
liampere hours to up to tens of ampere hours depending 
on current drain and cut-off voltage. 

The alkaline manganese battery is intended for 
applications requiring more power or longer life than 
can be obtained from carbon-zinc batteries. Alkal- 
ine manganese batteries contain 50-100% more total 
energy than a conventional carbon -zinc battery of 
the same size. Energy densities of alkaline manganese 
types are superior to those of carbon-zinc batteries of 
the same size. In a conventional carbon-zinc battery, 
heavy current drains and continuous or heavy-duty 
usage impair the efficiency to the extent that only a 
small fraction of the built-in energy can be removed. 
The chief advantage of the alkaline manganese bat- 
tery lies in its ability to work with high efficiency 
under continuous or heavy-duty high-drain conditions 
where the carbon-zinc battery is unsatisfactory. Under 
some conditions, alkaline manganese batteries will 
provide as much as seven times the service of stan- 
dard carbon-zinc batteries. Discharge characteristics 
of alkaline manganese and carbon-zinc batteries are 
compared in Figure 6.2. 

Although alkaline manganese batteries can out- 
perform carbon-zinc batteries in any type of service, 
as indicated earlier, they may now show economic 
advantage over them at light drains, or under 
intermittent-duty conditions, or both. For example, 
with intermittent use at current drains below about 
300 mA the D cell size alkaline type, while performing 
very well, will begin to lose its economic advantage 
over carbon -zinc batteries. 

6.2 Alkaline manganese secondary 
batteries 

The alkaline manganese battery is an example of a 
type of battery that, until quite recently, was available 
only in the non-rechargeable (primary) form but has 
now become available in a rechargeable (secondary) 




Figure 6.1 Voltage discharge characteristics of an alkaline manganese battery (D cell) discharged continuously (Courtesy of Union 
Carbide) 
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Discharge time (min) 



Figure 6.2 Comparison of discharge characteristics of alkaline 
manganese and carbon-zinc D-size cells for 500 mA starting, 
discharged continuously at 21 °C (Courtesy of Union Carbide) 

form. Certain manufacturers supply rechargeable alkal- 
ine manganese cells and batteries; for example, Union 
Carbide offer the Eveready rechargeable alkaline man- 
ganese battery range. These batteries use a unique elec- 
trochemical system, are maintenance free, hermetically 
sealed, and will operate in any position. They have 
been designed for electronic and electrical applica- 
tions where low initial costs and low operating costs, 
compared with the cost of nickel -cadmium cells, are 
of paramount importance. Rechargeable alkaline man- 
ganese cells can also be used as an alternative to 
dry cells, since, although they have a higher initial 
cost, they are cheaper overall owing to their recycling 
property. They therefore bridge the gap between low 
initial cost batteries and the more expensive but recy- 
clable secondaries. The alkaline manganese dioxide 
batter)' cannot be recharged as many times as the 
nickel-cadmium type, but the initial cost is only a 
fraction of the cost of an equivalent nickel-cadmium 
battery. Its operating cost is also normally lower. 

Present types of Eveready battery available from 
Union Carbide include 4.5 and 7.5 V batteries using 
D size cells, and 6, 13.5 and 15 V batteries composed 
of G size cells. Specifications are listed in Table 6.1 
and average performance characteristics are for the 
4.5 V cell shown in Figure 6.3. 

The discharge characteristics of the rechargeable 
alkaline manganese dioxide battery are similar to those 
exhibited by primary batteries; the battery voltage 



Table 6.1 Characteristics of cells in Eveready rechargeable 
alkaline manganese dioxide batteries 



Cell 


Voltage 


Average 


Rates 


Max. 


size 


(V) 


operating 

voltage 

(V) 


capacity 

(Ah) 


recommended 

discharge 

current 

(A) 


D 


1.5 


1.0- 1.2 


2.5 


0.625 


G 


1.5 


1.0- 1.2 


5.0 


1.250 




Figure 6.3 Average performance characteristics; voltage versus 
cycles at 21.1°C, Eveready rechargeable alkaline manganese 
dioxide batteries, 4.5-15V. (Discharge cycle: 4h through 5.76 Q. 
Charge cycle: 16 h voltage taper current charging - voltage limit 
5.25 V, filtered regulated power supply 1% regulation, with 2.4 £2 
limiting resistor.) (Courtesy of Union Carbide) 

decreases slowly as energy is withdrawn from the bat- 
tery. The shape of this discharge curve changes slightly 
as the battery is repeatedly discharged and charged. 
The total voltage drop for a given energy withdrawal 
increases as the number of discharge/charge cycles 
increases. Coupled with this is the fact that the avail- 
able energy per cell lessens with each discharge/charge 
cycle even though the open-circuit voltage remains 
quite constant; this is shown graphically in Figure 6.4. 
When a rechargeable battery of the alkaline manganese 
dioxide type is discharged at the maximum rate for a 
period of time to remove the rated ampere hour capa- 
city and then recharged for the recommended period 




Figure 6.4 Changes in battery performance with every fifth cycle: 
Eveready 561 alkaline manganese dioxide battery on 9.6 fi 
load for 4h. (Discharge cycle: 4h through 9.6 tt. Charge cycle: 
16h voltage-limited taper current charging - voltage limit 17.5V, 
filtered regulated power supply 1 % regulation, with 4.0 S2 limiting 
resistor.) (Courtesy of Union Carbide) 
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of time, the complete discharge/charge cycle can be 
repeated many times before the battery voltage will 
drop below 0.9 V/cell in any discharge period, depend- 
ing on cell size. Decreasing either the discharge current 
or the total ampere hour withdrawal, or both, will 
increase the cycle life of the battery by a signifi- 
cant percentage. Conversely, if the power demands are 
increased to a point where they exceed the rated battery 
capacity, the cycle life will decrease more quickly than 
the increase in power demand. During the early part 
of its cycle life there is a very large power reserve in 
the Eveready rechargeable alkaline manganese dioxide 
battery. In these early cycles, the battery terminal volt- 
ages may measure 1.0- 1.2 V/cell after the battery has 
delivered its rated ampere hour capacity. This reserve 
power can be used in situations where maximum total 
battery life can be sacrificed for immediate power. 
During the latter part of cycle life, there is little or no 
reserve power and the terminal voltage of the battery 
will fall to between 1.0 and 0.9 V/cell at the end of dis- 
charge. Figure 6.5 shows the maximum and minimum 
discharge voltages that the battery will reach on evenly 
spaced cycles throughout its cycle life; the curves show 
561 battery performance on a 9.6 Q load for 4h. 

Eveready rechargeable alkaline manganese dioxide 
batteries have excellent charge-retention properties. 
The new batteiy is fully charged and has the charge- 
retention characteristics of a primary battery. These 
characteristics also apply during the charge/discharge 
cycling of the battery. With this type of battery it is 
necessary to discharge it to its rated capacity before it 
will be capable of standing any overcharge. 

Rayovac supply their Renewal range of zinc-man- 
ganese dioxide RAM cells. In the 1.8 Ah AA size the 
voltage ranges from 1 .9 V to 0.9 V at end of discharge. 
The 1.8 Ah initial capacity of this cell decreases to 




Figure 6.5 Typical voltage performance on voltage-limited taper 
current charge: Eveready 561 rechargeable 15V alkaline 
manganese dioxide battery. (Charge and discharge conditions 
as for Figure 6.4.) (Courtesy of Union Carbide) 

1 Ah after three years’ storage at 25°C (self-discharge 
rate 0.01% per day compared to 1% per day for 
nickel-cadmium cells). More than 100 cycles are 
achieved if a regime of partial discharges is adopted. 
The energy density of these cells is 80Wh/kg~' 
(220 Wh/dm“ 3 ), i.e. approximately twice the value 
achieved for nickel-cadmium cells. 
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7.1 . Carbon-zinc batteries 

The standard carbon -zinc Leclanche battery is 
expected to remain one of the most widely used 
dry primary batteries in the future because of its 
low cost and reliable performance. This type of 
battery is manufactured in many styles by many 
companies-one company alone manufactures over 
100 versions with voltages varying from 1.5 V to 
approximately 500 V and with various shapes, sizes 
and terminal arrangements. 

The chemical efficiency of a carbon-zinc battery 
improves as current density decreases. This reveals an 
important application principle: consistent with physi- 
cal limitations, use as large a battery as possible. Over 
a certain range of current density, service life may be 
tripled by halving the current drain. This is equivalent 
to using a larger battery for a given application and 
so reducing current density within the cells. This is 
true to a certain point beyond which shelf deterioration 
becomes an important factor. 

The service capacity depends on the relative time of 
discharge and recuperation periods. The performance 
is normally better when the service is intermittent. 
Continuous use is not necessarily inefficient if the 
current drain is very light. 

Figure 7.1 illustrates the service advantage to be 
obtained by proper selection of a battery for an applica- 
tion. The figure indicates how the rate of discharge and 
frequency of discharge affect the service efficiency of 
a battery. The energy-volume ratio of a battery using 
round cells is inherently poor because of voids occur- 
ring between the cells. This factor accounts for an 
improvement in energy-volume ratio of nearly 100% 
for flat cells compared with round cell assemblies. Two 




Figure 7.1 Battery service life as a function of initial current drain 
and duty cycle: D size carbon-zinc battery (Courtesy of Union 
Carbide) 



basic types of carbon-zinc Leclanche cell are avail- 
able; the SP type and the high-power HP type. The 
HP type is intended for applications where high cur- 
rent drains are involved; the SP type is recommended 
for low current drain applications. 

There is no simple or rapid method for determin- 
ing Ihe service capacity of a dry battery. Tests must 
be run which closely duplicate the class of service for 
which the battery is intended. The schedule of opera- 
tion is very important, except for very light drains. 
The sendee capacity of a battery used 2 h/day on a 
given drain will be considerably different from that of 
the same battery used 12 h/day. There is no relation- 
ship between continuous-duty service and intermittent 
service. It is therefore impossible to rate the merits of 
different batteries on intermittent service by comparing 
results of continuous-duty tests. 

Another fallacy concerning dry batteries is that rel- 
ative ‘quality’ or service capacity of a battery can be 
determined by amperage readings. This is not true, 
and in most instances gives results that are totally 
misleading. The D size photoflash round cell and the 
flashlight cell are identical in size and shape. However, 
the photoflash cell, which will show more than twice 
the amperage of the flashlight cells, has less sendee 
capacity in typical flashlight uses. 

The short-circuit amperage of a zinc-carbon cell 
may be adjusted over a wide range by varying the 
carbon and electrolyte content of the depolarizing mix. 
Carbon contributes nothing to the service capacity of 
the zinc-carbon cell and is used primarily to control 
cell resistance. It is obvious that, as carbon is added to 
a cell, depolarizer must be removed; this means that 
sendee capacity is reduced. 

Dry batteries can be tested with a loaded voltmeter 
to check their present condition. A meter test, however, 
will give no indication of remaining service capacity 
unless the exact history of the battery is known and 
can be compared on a capacity against meter-reading 
basis with other batteries tested in similar service. 
A loaded voltmeter is considered the best spot-check 
device, since open-circuit voltmeter readings give no 
indication of internal resistance, and a short-circuit 
amperage reading is damaging. 

The internal resistance of cells becomes important 
when battery-operated devices require a high current 
for short periods of time. If the internal resistance 
of a cell is too high to provide the current, a larger 
cell may be used. The internal resistance of unused 
carbon-zinc cells is low and is usually negligible in 
most applications. Internal resistance may be measured 
by flash current or short-circuit amperage, which is 
defined as the maximum current, observed on a dead- 
beat (damped) ammeter, which a cell or battery can 
deliver through a circuit of 0.01 £2 resistance, including 
the ammeter. Amperage readings are not necessarily 
related to service capacity. Amperage is usually higher 
in large cells. 
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Table 7.1 Approximate internal resistance of standard carbon-zinc and carbon-zinc chloride cylindrical cells 



ANSI 

cell 

size 


Average flash current (A) 


Approx, internal resistance (J2) 


Standard, carbon— zinc 


Zinc chloride 


Standard carbon-zinc 


Zinc chloride 


N 


2.50 


_ 


0.60 


_ 


AAA 


3.80 


- 


0.40 


- 


AA 


5.30 


4.50 


0.28 


0.33 


C 


3.90 


6.50 


0.39 


0.23 


D 


5.60 


8.50 


0.27 


0.18 


F 


9.00 


11.30 


0.17 


0.13 


G 


12.00 


- 


0.13 


- 


6 


30.00 




0.05 


- 



The internal resistance increases with storage time, 
use and decreasing temperature. The cell dries out with 
age. During discharge some of the ingredients are con- 
verted to different chemical forms which have higher 
resistance. Table 7.1 lists the approximate internal res- 
istance, as determined by the flash current, of several 
round cells of the carbon-zinc and carbon-zinc chlor- 
ide types. 

Carbon -zinc cells (1.5 V) come in a variety of 
standard sizes covered by the ANSI designation; 
the type numbers of 1.5 V cells available from one 
particular supplier (Union Carbide) under each ANSI 
designation are listed in Table 7.2. 



7.2 Carbon -zinc chloride batteries 

The zinc chloride cell is a special modification of 
the carbon-zinc cell. It differs principally in the elec- 
trolyte systems used. The electrolyte in a zinc chloride 
cell contains only zinc chloride, while in a carbon-zinc 
cell the electrolyte contains a saturated solution of 
ammonium chloride in addition to zinc chloride. The 
omission of ammonium chloride in the zinc chlor- 
ide cell improves the electrochemistry of the cells but 
places greater demands on the cell seal. 

Zinc chloride cells are able to operate at higher 
electrode efficiencies than carbon-zinc cells and hence 
have a higher useful current output and will operate 
at higher current drains than carbon-zinc cells of the 
same size. In addition, the voltage lever under load 



Table 7.2 Type numbers of Union Carbide carbon-zinc 
Leclanche dry cells available under various ANSI designations 



Union Carbide 
type number 


ANSI 

designation 


Voltage 

(V) 


Suggested 
current 
range (A) 


HS6, IF6, IS6, IS6T. 
EA6F, EA6, EA6FT, 
EA6ST 


6 


1.5 


0-1.50 


HS150, HS50, 11T0, 

8 500 001, T50, 1050. 
950, 1250 


D 


1.5 


0-1.15 


HS35, 935, T35, 835, 
1035, 1235 


C 


1.5 


0-0.08 


HS15, 815. 915, 1015, 
1215 


AA 


1.5 


0-0.025 


904 


N 


1.5 


0-0.02 


201 


WO 


1.5 


0-0.06 


812, 912 


AAA 


1.5 


0-0.02 


E340E 


N 


1.5 


0-0.02 



holds up longer into the discharge. Zinc chloride cells 
also perform better at low temperatures. 

The internal resistance of zinc chloride (and 
carbon-zinc) cells increases with storage time, use 
and decreasing temperature. Table 7.1 compares the 
approximate internal resistance, as determined by 
flash currents of several types of round cell of the 
carbon-zinc and zinc chloride types. 
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8.1 Mercury-zinc primary batteries 

Mercury batteries have an appreciably higher energy- 
to-weight ratio than carbon-zinc batteries, resulting 
from the high energy density of the materials used 
in their construction. Thus mercury batteries are only 
one-third the size of conventional dry batteries of the 
same capacity. 

Characteristics and features of the mercuric oxide 
electrochemical system include the following: 

1. Long life. 

2. High capacity-to-volume ratio, resulting in sev- 
eral times the capacity of alkaline manganese and 
carbon-zinc cells in the same volume, or propor- 
tionally reduced volume for the same capacity. 

3. Flat discharge characteristic. 

4. Higher sustained voltage under load. 

5. Relatively constant ampere hour capacity. 

6. Low and substantially constant internal impedance. 

7. No recuperation required, therefore the same 
capacity is obtained in either intermittent or 
continuous usage. 

8. Good high-temperature characteristics. 

9. High resistance to shock, vibration and accel- 
eration. 

10. Electrically welded or pressure intercell connec- 
tions. 

11. Single or double steel case encapsulation. 

12. Chemical balance - all the zinc is converted at the 
end of the battery’s life. 

13. Automatic vent. 

14. Resistance to vacuum and pressure. 

15. Resistance to corrosive atmospheres and high 
relative humidity. 

The ampere hour capacity of mercury cells and bat- 
teries is relatively unchanged with variation of dis- 
charge schedule and, to some extent, with variation 
of discharge current. They have a relatively flat dis- 
charge characteristic (see Figure 8.1; compare this 
with Figure 6.1 for alkaline manganese types). The 
mercury system withstands both continuous and inter- 
mittent discharge with relatively constant ampere hour 
output and this allows the capacity rating to be 



specified. Rest periods are not required as in the case 
of carbon-zinc batteries. 

Mercuric oxide batteries are available with two for- 
mulations designed for different field usage. In general, 
the 1.35 V cells (that is, 100% mercuric oxide depolar- 
ization) or batteries using these cells are recommended 
for voltage reference sources (that is, high degree of 
voltage stability) and for use in applications where 
higher than normal temperatures may be encountered 
(and for instrumentation and scientific applications). 
The 1.4 V cells (mixture of manganese dioxide and 
mercuric oxide depolarization) or batteries using these 
cells are used for all other commercial applications. 
The 1.4 V cells or batteries should be used for long- 
term continuous low-drain applications if a very fiat 
voltage characteristic is not needed. 

Although Union Carbide and Mallory are two of the 
major producers of mercury-zinc cells and batteries, 
there are, of course, other important producers such 
as Ever Ready (Berec) (UK), Crompton-Parkinson 
(Hawker Siddeley) (UK) and Varta (West Germany). 
Table 8.1 gives the type numbers of equivalent cells 
that meet a given International Electrochemical Com- 
mission (1EC) designation as produced by Union Car- 
bide, Mallory, Ever Ready (Berec) and Varta. In many 
instances equivalent cells are available from more than 
one manufacturer. In such instances comparative cost 
quotations would be of interest to the intending pur- 
chaser. 

The performance characteristics of a 675 size mer- 
cury-zinc primary button cell are listed in Table 8.2. 

8.2 Mercury-indium-bismuth and 
mercury-cadmium primary batteries 

Mercury-indium-bismuth and mercury-cadmium 
batteries are available from some manufacturers (e.g. 
Crompton-Parkinson). These are alkaline systems 
recommended for applications where high reliability 
in particularly onerous long-term storage and use 
conditions is a prime requirement. 

For example, the particular advantage of mer- 
cury-cadmium is that it will show good performance 
at low temperatures even below — 20°C, where most 




Figure 8.1 Typical voltage discharge characteristics of mercury-zinc cells under continuous load conditions at 21 °C. At 1.25 V, equivalent 
current drains for the resistances are: 1 5 ft, 83 mA; 25 Q, 50 mA; 32 £2, 40 mA; 42 £2, 30 mA; 50 £2, 25 mA; 60 £2, 20 mA (Courtesy of Union 
Carbide) 




Table 8.1 Some equivalent mercury-zinc cells from different manufacturers 



1EC 

designation 


Union Carbide Eveready 




Mallory Duracell 


Varta 


Ever Ready ( Berec) 


No. 


Voltage 

(V) 


Capacity 
(mA h) 


No. 


Voltage 

(V) 


Capacity 
(mA h) 


No. 


Voltage 

(V) 


No. 


Voltage 

(V) 


MR41 


325 


1.35 


50 
















MR08 


E400N 


1.35 


80 


















E400 


1.40 


80 
















NR48 








RMI3H 


1.40 


85 


7106 


1.40 


RM13H 


1.40 


MR48 


E138, E13E 


1.40 


85 


WH6 


1.35 


95 












323 


1.35 


95 
















NR08 








RM575H 


1.40 


100 


7109 


1.40 


RM575H 


1.40 


MR42 


343 


1.35 


120 


WH12NM 


1.35 


110 










NR43 








RM41 


1.40 


150 










MR43 


354 


1.35 


150 
















MR07 


EPX675 


1.35 


220 


PX675 


1.35 


210 


7001 


1.35 






NR07 








MP675EI 


1.40 


210 


7103 




MP6754 


1.40 










SP675 


1.40 


230 










MR44 


313 


1.35 


220 


WH3 


1.35 


220 










MR9 


E625 


1.40 


350 


















E630 


1.40 


350 


















E625N 


1.35 


250 


















EPX625 


1.35 


250 


PX625 


1.35 


250 


7002 


1.35 


PX625 


1.35 




EPX13 


1.35 


250 


RM625N 


1.35 


350 






RM625N 


1.35 


MR52 








PX640 


1.35 


500 










NR52 








RM640H 


1.40 


500 










MR1 


E401N 


1.35 


800 


















E401, E401N 


1.40 


800 
















MR50 








RMIN 


1.35 


1000 






RMIN 


1.35 










PX1 


1.35 


1000 






PX1 


1.35 


MR7 


EPX1 


1.35 


1000 


















El 


1.40 


1000 
















NR50 








RM1 


1.40 


1000 










NR1 








MP401 


1.40 


1000 










MR 17 


E3 


1.35 


2200 
















NR6 








ZM9C 


1.40 


2400 






ZM9C 


1.40 


MR6 


E502E 


1.40 


2400 


















E9 


1.40 


2500 


















E502 


1.35 


2400 
















MR51 








RM12R 


1.35 


3600 


















RM675H 


1.40 




7101 


1.40 


RM675H 


1.40 










RM625 






7102 


1.40 














RM312H 






7107 


1.40 














RM41H 






7108 


1.40 














PX825 






7201 


1.50 







RM1H 1.40 

RM401H 1.40 
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other primary systems just would not function. How- 
ever, as the temperature drops, the operating volt- 
age also drops as expected. Away from these very 
lew temperatures, mercury-indium shows a better 
power-to-volume ratio than mercury-cadmium, and 
still gives exceptional performance in difficult environ- 
ments. Both these systems also have the advantage of 
level voltage discharge characteristics. Typical applica- 
tions include reactor and high-temperature processing, 
telemetry systems and military uses. 

Table 8.2 Performance characteristics of 675 
size mercury-zinc primary button cells 



Energy density 



WM" 


600 


Wh/kg -1 


110 


Voltage 


Nominal 


1.35 


Working 


1.25 


Nominal rate 
Capacity 


mAA7ciri 1 initial 


80 


Pulse current 


mA per cell 


50 


Life capacity mA h/cell 


270 


Service 


625 Q. per/1 6 h day 


8 


Shelf years 


3 


Storage temperature — °C 


-40 


Operating temperature (°C) 


-10 


Capacity loss per annum 


21 °C (%) 


4 



In mercury -cadmium batteries, the battery contains 
a cadmium anode (similar to that used in a 
nickel-cadmium cell), a mercuric oxide cathode, 
and a potassium hydroxide electrolyte. Batteries are 
fabricated in prismatic or flat button designs. They 
have an open-circuit voltage of approximately 0.9 V 
and an operating voltage between 0.75 and 0.9 V 
depending on the discharge load. Energy densities 
for mercury -cadmium systems range between 44 
and 66Wh/kg depending on discharge rate, which 
is lower than that of a mercury-zinc cell. The 
cell is characterized by good stability because both 
electrodes exhibit a high degree of insolubility in the 
electrolyte. Resulting excellent storage characteristics 




Figure 8.2 Operating characteristics for 0.6 A h mercury-cad- 
mium cell at various temperatures. Hourly discharge rate is 2% of 
capacity, i.e. C/50 (Courtesy of Crompton-Parkinson) 




Figure 8.3 Mallory No. 3041 1 6, 1 2.6 V mercury-cadmium battery; 
two-stage discharge curve. Current drain at 11.5 V: 1 3 k £2, 
0.884 mA (Courtesy of Mallory) 

(5-10 years) are its main advantage. These cells also 
have inherently better high-temperature storage than 
other primary batteries. Operating characteristics of 
mercury-cadmium cells are shown in Figure 8.2. The 
low voltage and high cost of materials are the main 
drawbacks of the system as a primary battery. 

Mallory also supply a mercury -cadmium battery in 
their Duracell range. This battery (No. 304116) is of 
12.6 V with a capacity of 630mA h to an end-point 
of 10.3 V, or 900 M A h to an end-point of 7.0 V, both 
on 13 000 £2 at 20°C. This cylindrical battery weighs 
127 g and occupies a volume of 40.5 cm 3 and is recom- 
mended for use in applications such as alarm systems 
using voltage-sensitive low-battery indicators. Typical 
two-step discharge characteristics for this battery are 
shown in Figure 8.3. 
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9.1 Introduction 

There are many types of lithium cell either under com- 
mercial consideration or being commercially produced. 
A list of representative types of lithium batteries with 
their characteristics is given in Table 9.1. A look at 
these characteristics should help engineers evaluating 
batteries for equipment use. 

Lithium-based batteries are quickly entering main- 
stream electronic designs, particularly in consumer, 
portable equipment and non-volatile memory back-up 
applications where small size, long life and low cost 
are the primary requirements. Specifically, watches, 
pacemakers, Kodak’s disc camera and Mostek’s dual- 
in-line packaged 16 K CMOS RAM (with on-board 
battery back-up) are good examples of devices making 
use of the newer lithium battery technologies. 

The practicality of lithium is being greatly enhanced 
by the current progress in CMOS technology. Indeed, 
lithium batteries can easily provide standby power for 
the current crop of ‘pure’ CMOS devices (i.e. those 
with complete p- and n-channel pairing throughout), 
which operate at nanoampere current levels. As low- 
power CMOS device technology advances - gaining a 
greater share of semiconductor applications along the 
way - lithium battery use will undoubtedly expand to 
serve these new areas. 

The electrochemical potential of lithium-based 
power sources has been known for a long time. 
Advances in materials processing, materials handling 
and non-aqueous electrolytes in the 1960s have 
enabled manufacturers to reduce this potential to 
practical cell hardware and demonstrate the benefits 
that were theoretically possible. 

During the past few years, it has become clear 
that the need for greater power from hermetically 
sealed cells could not be met with the mercury, sil- 
ver or alkaline manganese dioxide systems. To fill the 
need for a higher energy density system at a reason- 
able cost, various manufacturers have developed prac- 
tical organic electrolyte lithium systems. The lithium 
battery offers gravimetric energy densities of up to 
330Wh/kg, nearly three times that of mercury and 
silver, and four times that of alkaline manganese. The 
volumetric energy density is 50% greater than that of 
mercury' batteries and 100% greater than that of alkal- 
ine manganese batteries. Lithium cells offer the facility 
of reducing size and weight in existing applications, 
and making new' lighter weight designs possible. In 
addition, the excellent shelf life offers new possibilities 
for designers. 

Three principal types of lithium organic electrolyte 
battery are currently available; the lithium-thionyl 
chloride system, the lithium-vanadium pentoxide sys- 
tem and the lithium-sulphur dioxide system. These 
batteries all have high-rate capabilities. The approxi- 
mate open-circuit equilibrium cell voltages for these 
various cathode systems and for some other systems 
that have been considered are shown in Table 9.2. 




Figure 9.1 Comparison of energy density of lithium ceils and other 
types of cell (Courtesy of Honeywell) 




Mn0 2 Mn0 2 

Figure 9.2 Comparison of energy density of lithium-sulphur and 
other types of cell (Courtesy of Honeywell) 

The energy density superiority of lithium systems 
is shown graphically in Figure 9.1. The three lithium 
systems shown represent actual performance achieved 
by batter)' manufacturers. The gains in energy density 
seen in the data shown in Figures 9.2 and 9.3 can be 
attributed in part to the light weight of active com- 
ponents used in lithium cells. The volumetric energy 
density of lithium systems is, however, not always so 





Table 9.1 Representative types of lithium battery 



Chemistry 


Electrolyte 


Initial 

voltage 

(V) 


Discharge 

curve 


Supplier 


Part no. 


Capacity 
(mA h) 


Current 


Operating 

temperature 

CC) 


Shape and size 
(mm)* 


Price 

(lOOqty) 

($)* 


Lithium-iodine 


Solid 


2.8 


Sloping 


Catalyst Research 


1935 


200 


LowpA 


—55 to +70 


Coin 19 x 3.5 


6.88 










Catalyst Research 


2736 


350 


Low /tA 


-55 to +125 


Coin 25 x 3.6 


5.62 










Medtronics 


Customf 


NA 


NA 


NA 


Custom 


NA 


Lithium-carbon 


Organic 


2.7 


Flat 


Panasonic 


BR2/3A 


1200 


To 1 A 


-40 to +85 


2/3/A 


1.00 


monofhioride 








Ray-o- Vac 


BR-1225 


35 


Low pA 


-40 to +85 


Coin 12 x 2.5 


1.50 










Ray-o-Vac 


BR-2325 


160 


Low pA 


-40 to +85 


Coin 23 x 2.5 


1.50 


Lithium -manganese 


Organic 


3.0 


Sloping 


SAFT 


LM 2020 


90 


To 10 mA pulse 


-20 to +50 


Cylinder 20 x 2.0 


1.30 


dioxide 








SAFT 


LM 2425 


200 


To 15 mA pulse 


—20 to +50 


Coin 24 x 2.5 


1.30 










Duracell 


DL 2430 


200 


Low pA 


0 to +40 


NA 


1.00 










Duracell 


DL 2/3A 


1 


100 mA 


0 to +40 


2/3A 


3.50 


Lithium-sulphur 


Organic 


2.8 


Flat 


SAFT 


LX 16/34 


1000 


1 to 100mA 


—40 to +55 


Cylinder 16 x 34 


5.60 


dioxide 








Duracell 


LO 26SX 


8500 


To 1 A 


-40 to +52 


D 


10.00 


Lithium-thionyl 


Inorganic 


3.5 


Flat 


SAFT 


LS6 


1700 


50 mA 


-40 to +71 


Cylinder 50 x 13 


8.05 


chloride 


liquid 






Union Carbide 


L31 


1000 


40 mA 


—60 to +75 


Cylinder 46 x 13 


1.46 










Tadiran 


TL 2150 


850 


100mA 


—55 to +75 


1/2AA 


NA 










Tadiran 


TL 2100 


1750 


100mA 


-55 to +75 


AA 


NA 


Lithium-copper 


Organic 


2.0 


Flat 


SAFT 


LC6 


3400 


1 mA 


—55 to +125 


AA 


1.30 


oxide 






(at 1.5 V) 

















NA, not available 

*Size of batteries can be decoded from part numbering 
^Medtxonies specializes in custom shapes 
*Most batteries available off the shelf 
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Figure 9.3 Comparison of energy density of organic versus 
magnesium batteries at various temperatures at nominal 30 h 
rate (Courtesy of Honeywell) 

greatly different from that of aqueous systems. The 
higher gravimetric energy density of the lithium sys- 
tem is demonstrated by the comparison of weights 
of standard size D-cells of various systems given in 
Table 9.3. 

Typical voltage characteristics on medium load for 
a lithium type (lithium-sulphur dioxide) battery is 
compared with those for other types of primary battery 
in Figure 9.4. The outstandingly higher voltage of the 
lithium system is apparent. 

The construction of organic lithium cells is some- 
what different from that of mercury and alkaline man- 
ganese cells. A lithium foil anode, a separator and 
a carbonaceous cathode are spirally wound together. 
This assembly is placed in a steel case, and the anode 
and cathode are connected with welded tabs to the case 
and top assembly. Since the electrolyte is non-aqueous, 
there is no hydrogen gas evolved during discharge. The 



Table 9.2 Open-circuit equilibrium cell voltages for various 
cathode systems 



System 


Formula 


Cell voltage (V) 


Thionyl chloride 


SOCF 


3.6 


Vanadium pentoxide 


V 2 O 5 


3.4 


Sulphur dioxide 


so 2 


2.9 


Molybdenum trioxide 


MoCb 


2.9 


Copper fluoride 


CuF 2 


3.4 


Silver chromate 


Ag 2 Cr0 4 


3.0 


Copper sulphide 


CuS 


2.2 



Table 9.3 Weights of various standard size D-cells 




System 


Weight for 
D-cells (g) 


Lithium-sulphur dioxide 


94 


Carbon-zinc 


94 


Magnesium perchlorate-manganese dioxide 


99 


Lithium-thionyl chloride 


too 


Lithium-vanadium pentoxide 


128 


Alkaline manganese dioxide 


128 



assembly contains a vent to prevent the build-up of 
high internal gas pressure resulting from improper use 
or disposal. 

Lithium organic cells offer higher energy density, 
superior cold temperature performance, longer active 
life and greater cost effectiveness. 

9.1.1 Higher energy density 

The higher energy density is attributable, to a large 
extent, to the operating voltage of most lithium-based 
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1.5 
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Figure 9.4 Typical voltage characteristics on medium load of lithium and other types of battery (Courtesy of Honeywell) 
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Percentage of active life 



Figure 9.5 Voltage discharge profile of lithium-vanadium pen- 
toxide (V 2 O 5 ), lithium— thionyl chloride (SOCI 2 ), lithium-sulphur 
dioxide (SO 2 ) lithium-molybdenum trioxide (M 0 O 3 ) cells (Courtesy 
of Honeywell) 



electrochemical couples. Lithium, having the highest 
potential of metals in the electromotive series, provides 
an operating voltage of about twice that of traditional 
systems. The voltage discharge profiles of the systems 
mentioned above are shown in Figure 9.5. 



9.1.2 Superior cold temperature performance 

Because of the non-aqueous nature of the electrolytes 
used in lithium systems, the conductivity of these 
systems at cold temperatures is far superior to that 
of previously available systems. Table 9.4 compares 
the relative performance of two lithium systems with 
the cold temperature performance of other systems. 
The lithium-vanadium pentoxide and lithium-sulphur 
dioxide data shown are from tests conducted on prac- 
tical hardware configurations and at moderate dis- 
charge rates. The numbers given reflect the percentage 
of room temperature performance that is achievable 
at the colder temperatures. Lithium-vanadium pentox- 
ide and lithium-sulphur dioxide systems will operate 



satisfactorily at temperatures as low as — 55°C with 
efficiencies approaching 50%. 



9.1.3 Long active shelf life 

Another significant benefit offered by lithium-based 
systems is their potential for long active shelf life. Her- 
metically sealed cells, made possible by using systems 
that do not generate gas during discharge, protect the 
cell from impurities from external environments and 
prevent leakage of electrolyte from the cell. This, in 
addition to the absence of self-discharge reactions, or 
the low rate at which they occur, gives lithium sys- 
tems in active primary batteries the potential for 5 - 1 0 
years’ shelf life without providing special storage envi- 
ronments. Also, the discharge products of most lithium 
systems are such that they do not contribute to, or 
increase the rate of, self-discharge. Therefore, lithium 
cells can also be reliably used intermittently over sev- 
eral years in applications where it is advantageous or 
required. A comparison of the projected shelf life for 
various cell systems is shown in Table 9.5. In this com- 
parison, acceptable shelf life is defined as the time 
after which a cell will still deliver 75% of its ori- 
ginal capacity. Hermetically sealed lithium-sulphur 
dioxide double-C cells after storage for 180 days at 
71°C deliver 88% of their fresh cell capacity when dis- 
charged at room temperature into an 8 load. By some 
standards 180 days’ storage at 71°C is approximately 
equivalent to over 1 2 years at room temperature. This 
would imply that these cells would exhibit about 
1% annual degradation at room temperature. This 
has been confirmed by discharge of non-hermetically 
sealed Honeywell lithium-sulphur dioxide double-C 
cells which were stored for approximately 1 year at 
27°C. After storage these cells exhibited no losses in 



Table 9.4 Cold temperature performance of lithium-organic electrolyte systems 



Temperature 

CO 






Percentage of room temperature performance 




Lithium- 

vanadium 

pentoxide 


Lithium- 

sulphur 

dioxide 


Mercury 


Magnesium 


Alkaline 


Carbon-iinc 


-7 


88 


96 


0 


58 


15 


5 


-29 


78 


85 


0 


23 


3 


0 


-40 


73 


60 


0 


0 


0 


0 


Table 9.5 Comparison of projected shelf life for various lithium-organic electrolyte cell systems 


Storage 


Lithium 




Mercury 


Magnesium 


Alkaline 


Carbon- 


temperature 










manganese 


zinc 


CO 










dioxide 




21 


10 years + 




3-4 years 


5-7 years 


2-3 years 


1-2 years 


54 


12 months + 


4 months 


7 months 


2 months 


1.5 months 
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performance under identical test conditions, based on 
lot acceptance test data generated with fresh cells. 

9.1.4 Cost effectiveness 

In high-volume production the lithium-based systems 
will compete directly with mercury and silver systems 
on a cost per watt hour basis. Cost comparisons with 
alkaline systems will be marginal on a per watt hour 
basis, but cost advantages can be realized by consid- 
ering the cost advantages of other systems with that 
achievable with a lithium power source. The increases 
in overall system cost effectiveness can be achieved as 
follows: 

1. More payload may be possible when using lithium 
batteries due to their smaller size and/or lighter 
weight. 

2. More operating life will be achievable with the 
same size but lighter battery. 

3. Performance at colder temperatures will be pos- 
sible. 

4. Longer active life will result in reduced main- 
tenance costs associated with battery replacements, 
especially in remote locations, or in other 
applications where replacing the battery is a labour- 
intensive function. 

5. Replacement inventory costs will be reduced 
because periodic replacement of batteries will be 
significantly decreased or eliminated. 

6. No special storage provisions are required. 

Even though cell costs may be high initially, peo- 
ple responsible for maximizing a system’s overall 
cost effectiveness must look at the total life-cycle 
tests and take these points into consideration. As 
well as lithium-vanadium pentoxide, lithium- sulphur 
dioxide and Sithium-thionyl chloride systems, there 
exist other types of cell containing organic elec- 
trolytes and lithium. For example, the lithium-copper 
fluoride couple has a theoretical voltage of 3.5 V and 
a theoretical energy-to-weight ratio of 1575Wh/kg. 



Approximately 330Wh/kg have been obtained in 
experimental cells at the 100 h rate using this couple in 
a propylene carbonate electrolyte. Cells consisting of 
lithium-cupric chloride have operated down to — 40°C 
and give lOOWh/kg at high discharge rates (approxi- 
mately 10 h rate). However, both of these systems have 
poor activated shelf life and are currently practical only 
in reserve structures. 

There are in fact many other types of lithium cell at 
present under commercial consideration, and a range of 
lithium cells that have been considered by the Catalyst 
Research Corporation for use for watch and calculator 
applications is discussed below. 

Because the introduction of lithium power sources 
to the electronics industry is so recent, many poten- 
tial users are not aware that lithium batteries are 
not all alike. Lithium is only the first name of any 
lithium power source. Just as there are many zinc 
batteries available (zinc-carbon, zinc-silver oxide, 
zinc-mercuric oxide) there are many varieties of 
lithium system, each with its own peculiar internal 
chemistry and construction. Several of these systems 
are briefly described below. 

Table 9.6 shows the lithium systems available for 
commercial use from Catalyst Research Corporation. 
Most are button cells approximately 20-30 mm in 
diameter and 1.5-3 mm thick. All are high-voltage 
cells with moderate or high internal resistances. The 
first two have seen use in watches or calculators 
only; the remaining three have also been used in the 
pacemaker field. 

Like any common batteries, lithium batteries will 
rupture if exposed to fire. The low-rate lithium 
batteries, intended for watches, should be safe if used 
within manufacturers’ specified temperatures. Thick 
separators in these low-rate cells prevent shorting 
and their small size permits easy heat dissipation if 
any local internal reactions should occur. In fact, a 
good case can be made that most low-rate lithium 
cells are safer than zinc-mercury cells, which can 
introduce poisonous mercury into the atmosphere 
when incinerated. SAFI' supply lithium-copper oxide 



Table 9.3 Types of lithium cell available from Catalyst Research Corporation 



System 


Energy 

density 

(Wh/dm 3 ) 


Seal 


Voltage 

(V) 


Electrolyte 


Volume 

change 


Self- 

discharge 


Internal 

resistance 


Separator 

added 


Lithium-manganese 

dioxide 


440 


Crimp 


2.9 


Liquid 

organic 


? 


7 


Moderate 


Yes 


Lithium-carbon 

fluoride 


330 


Crimp 


2.8 


Liquid 

organic 


? 


Moderate 


Moderate 


Yes 


Lithium-thionyl 

chloride 


500 


Hermetic 


3.6 


Liquid 

inorganic 


Small 

shrinkage 


9 


Moderate 


Yes 


Lithium-lead iodide 


470 


Hermetic 


1.9 


Solid salt 


9 


Low 


High 


Yes 


Lithium-iodine 

P2VP 


600 


Hermetic 


2.8 


Solid salt 


None 


<5% in 
1 0 years 


High 


No: forms 
in situ 
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and lithium-silver chromate cells. Matsushita supply 
lithium-carbon fluoride cells. Venture Technology 
(formerly Ever Ready (Berec)), Ray-o-Vac and Sayo 
(Japan) supply lithium-manganese dioxide cells. A 
further type of cell which has reached commercial 
realization is the Venture Technology lithium-ferrous 
sulphide cell (1.5 V/cell nominal). It has a volumetric 
energy density of 500-900 W h/dm 3 and has an 
excellent shelf and working life and very good low- 
temperature performance, with similar applications to 
the lithium-manganese dioxide cell. 

9.2 Lithium-sulphur dioxide primary 
batteries 

Of all the lithium battery systems developed over 
the last decade, the system based on sulphur dioxide 
and an organic solvent is now acknowledged to have 
emerged as the most successful both commercially 
and technically. Other lithium batteries are capable 
of delivering as great or greater energy densities, in 
particular the lithium-thionyl chloride systems. How- 
ever, the latter system may give rise to spontaneous 
decomposition of explosive violence in high-rate bat- 
teries, while the other lithium systems do not have the 
high-rate capabilities of the lithium-sulphur dioxide 
battery. 

The reactivity of lithium necessitates controlled- 
atmosphere assembly during manufacture, and in some 
cases the use of expensive materials in the cell con- 
struction to avoid corrosion and the provision of a 
sophisticated seal design. 

Although lithium batteries have high-rate discharge 
capability, their use at very high rates or accidental 
shorting could result in temperatures leading to seal 
failure or explosion. Manufacturers incorporate vents 
and/or fuses to minimize these risks. 

Honeywell Inc. and the Mallory Battery Company in 
the USA have introduced lithium batteries based on the 
lithium-sulphur dioxide electrochemical couple. The 
positive active material in these batteries, liquid sul- 
phur dioxide, is dissolved in an electrolyte of lithium 
bromide, acetonitrile and propylene carbonate, and is 
reduced at a porous carbon electrode. 

This type of battery has a spiral-wound electrode 
pack, made from rectangular foil electrodes. Lithium 
foil is rolled on to an expanded metal mesh current 
collector as the negative electrode, and is separated 
from the similarly supported cathode by a polypropy- 
lene separator. Two types of cell constmction are used: 
jelly-roll electrodes in crimp-sealed or hermetically 
sealed cylindrical cells, and large 20-100Ah 12V 
flat-plate electrodes in large reserve batteries. It is a 
relatively high-pressure system and cells must have 
safety vents to avoid explosion in the event of acci- 
dental incineration (see Part 2 for further details of 
construction). 

The lithium- sulphur dioxide cell has an open circuit 
voltage of 2.92 V at 20°C and a typical voltage under 



rated load of 2.7 V compared with 1.5 V for most 
conventional types of battery. The specific voltage on 
discharge is dependent on the discharge rate, discharge 
temperature and state of charge. The end or cut- 
off voltage is 2 V. The lithium system is capable of 
maintaining more stable voltage plateaux at higher 
currents than any other cell of comparable size. 

It is also claimed that the lithium-sulphur dioxide 
system operates very efficiently over a wide range of 
temperatures (typically from —40 to +70°C), achiev- 
ing higher discharge rates at lower temperatures than 
are possible with other types of cell, which provide 
little service below — 18°C. The cells can be operated 
with success at elevated temperatures. When operated 
at very high currents outside the recommended lim- 
its, the cells may produce heat and high internal gas 
pressures, and these conditions should be avoided. The 
cells are, however, an excellent source for high pulse 
currents. Multicell batteries contain additional insula- 
tion as well as a fuse for protection from mishandling 
such as short-circuits. 

A typical energy density of a lithium-sulphur diox- 
ide cell is 420 W h/dm 3 or 260Wh/kg according to 
one manufacturer and 330Wh/kg and 525 W h/dm 3 
according to another. These are nearly three times 
the values expected for mercury-zinc cells, four times 
that of an alkaline manganese dioxide cell and two to 
four times higher than that of conventional zinc and 
magnesium type batteries. 

The high volumetric energy densities reflect the 
high voltages of the lithium-based systems. One reason 
for some lack of acceptance in miniature applications 
is that although one lithium cell could be specified 
where it is necessary to use two mercury cells in 
series, a lithium button cell would have a capacity 
approximately one-half that of the equivalent mercury 
cell, and the frequency of battery charging would in 
extreme cases be correspondingly increased. 

The volumetric ampere hour capacity of mercuric 
oxide-zinc cells is higher than that of lithium-based 
systems. However, in many cases, using two lithium 
cells in parallel or one larger lithium cell will give 
the same ampere hour capacity as can be achieved 
in an equal or even smaller volume by an equiv- 
alent two-cell series mercury -zinc battery of sim- 
ilar voltage. This is illustrated in Table 9.7. One 
lithium-sulphur dioxide cell (voltage 2.75 V) occu- 
pies about 30% more space than two series mer- 
curic oxide-zinc cells (voltage 2.5 V). Admittedly, 
this compares the worst cited case for lithium against 
the best for mercuric oxide-zinc. Higher energy den- 
sity systems such as lithium-vanadium pentoxide and 
lithium-sulphur dioxide would show significant vol- 
ume savings over an equivalent ampere hour mercuric 
oxide-zinc system. In fact lithium-sulphur dioxide 
systems are being increasingly considered for high-rate 
miniature power source applications including military 
applications where it is found that a two-cell mercuric 




Lithium— thionyl chloride primary batteries 9/9 



Table 9.7 Comparison of lithium-sulphur dioxide and mercuric 
oxide-zinc cells 





Lithium -sulphur 
dioxide 


Mercuric 
oxide -zinc 


Volumetric energy 
density (Wh/dm 3 ) 


420 


500 (at best) 


Normal working 
voltage (V) 


2.75 


1.25 


Volumetric capacity 
(Ah/dm) 


153 


400 


Relative cell volume 
(per A h) 


2.6 


1.0 



oxide-zinc battery can occupy considerably more 
space than the equivalent lithium-sulphur dioxide cell. 

The lithium-sulphur dioxide system is versatile and 
relatively inexpensive. This battery has excellent stor- 
age characteristics. Honeywell claim that the batteries 
should store for 12 years at 20°C. The battery can 
be supplied either as reserve batteries with capacities 
between 20 and 100 Ah or as active batteries in the 
0.7-20 Ah range (see Table 56.2). 

The lithium- sulphur dioxide battery has a high 
power density and is capable of delivering its energy 
at high current or power levels, well beyond the 
capability of conventional primary batteries. It also has 
a flat discharge characteristic. 

Lithium-sulphur dioxide batteries are subject to 
the phenomenon known as voltage delay, a char- 
acteristic shared with lithium-vanadium pentoxide 
and lithium-thionyl chloride batteries. After extended 
long-term storage at elevated temperatures, the cell 
may exhibit a delay in reaching its operating voltage 
(above 2.0 V) when placed on discharge, especially at 
high current loads and at low temperatures. This start- 
up delay is basically caused by film formed on the 
anode, the characteristic responsible for the excellent 
shelf life of the cell. The voltage delay is minimal 
for discharge temperatures above — 30°C. No delay is 
measurable for discharge at 21°C even after storage at 
71°C for 1 year. On — 30°C discharges, the delay (time 
to 2 V) was less than 200 ms after 8 weeks’ storage 
at 71°C on discharges below the 40 h rate. At higher 
rates, the voltage delay increased with an increase in 
storage temperature and time. However, even at the 
2h discharge rate, the maximum start-up time is 80s 
after 8 weeks’ storage at 71°C. After 2 weeks’ storage, 
the start-up time is only 7 s. The start-up voltage delay 
can be eliminated by preconditioning with a short dis- 
charge at a higher rate until the opening voltage is 
reached, since the delay will return only after another 
extended storage period. 

As mentioned above, the lithium-sulphur dioxide 
system has emerged as the leading candidate among 
the high energy density batteries for high-rate applica- 
tions. Other lithium batteries are capable of delivering 



as great or greater energy densities, in particular the 
lithium-thionyl chloride systems (see below). How- 
ever, the latter system may give rise to sponta- 
neous decomposition of explosive violence in high- 
rate batteries while the other lithium systems do not 
have the high-rate capabilities of those using soluble 
depolarizers. 

Lithium-sulphur dioxide cells are available in a 
variety of cylindrical cell sizes from companies such 
as Honeywell and Duracell International, capacities 
available ranging from 0.45 to 21 Ah. Larger cells 
are under development. A number of the cells are 
manufactured in standard ANSI (American National 
Standards Institute) cell sizes in dimensions of popular 
conventional zinc primary cells. While these single 
cells may be physically interchangeable, they are not 
electrically interchangeable because of the high cell 
voltage of the lithium cell. 

Standard and high-rate cells are available. The 
standard cell is optimized to deliver high-energy output 
over a wide range of discharge loads and tempera- 
tures. The high-rate cell is designed with longer and 
thinner electrodes than the standard cell and delivers 
more service at a high discharge rate (higher than the 
10 h rate) and at low temperatures. At lower discharge 
rates, the service life of the high-rate cell is less than 
that delivered by the standard cell. 

In addition, Duracell manufacture a lithium limited 
(or balanced) cell (designated SX). The cell is designed 
with a stoichiometric ratio of lithium to sulphur diox- 
ide in the order of 1 : 1 rather than the excess of lithium 
used in the other designs. The lithium-limited feature 
ensures the presence of sulphur dioxide throughout the 
life of the cell to protect the lithium from chemically 
reacting with the other cell components. This design 
has been found successfully to withstand extended 
reverse discharge below 0 V at rated loads. In addition, 
these cells do not produce the toxic chemicals that form 
when standard cells are fully discharged, thus simplify- 
ing disposal procedures. The lithium-limited cell does, 
however, deliver lower capacity at low discharge rates, 
compared with the standard cell (below the 5h rate). 

Claimed advantages of lithium-sulphur dioxide 
cells are their high energy density (275 Wh/kg' 1 ), 
three times that of carbon-zinc cells, their high power 
density, a wide operating temperature range (—54 to 
71°C), high cell voltage (2.95 V), flat discharge curve 
and long shelf life (99% capacity retention after 5 to 
10 years storage at 21°C). 

9.3 Lithium-thionyl chloride primary 
batteries 

This system uses a lithium anode and a gaseous cath- 
ode dissolved in an inorganic electrolyte. It has a 
3.63 V open-circuit voltage and a typical voltage under 
rated load of 3.2-3.4V. Like the lithium-sulphur 
dioxide system, it has a very flat discharge profile 
through 90% of its life. Cell construction is similar 
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to that of the lithium-sulphur dioxide cell, except 
that hermetically sealed cells are mandatory at present. 
The lithium -thionyl chloride system is a very low- 
pressure system and, because of that, it is potentially 
superior to lithium-sulphur dioxide systems in high- 
temperature and/or unusual form factor applications. 
The cells are manufactured without any initial internal 
gas pressure and, because the discharge reaction gen- 
erates only a limited amount of gas, the need for 
venting is eliminated. The system appears to be safe 
in low-rate cell designs, and may be safe, if prop- 
erly vented, in high-rate cell designs; however, there 
is an insufficient database on the system (particularly 
in the high-rate configuration) to make that claim with 
a high degree of confidence. One manufacturer claims 
to supply cells that have an energy density in excess of 
1100Wh/dm 3 and 660\Vh/kg. Another manufacturer 
claims an energy density of 800Wh/dm 3 , compared 
to 400Wh/dm 3 for zinc-mercury, 200Wh/dm 3 for 
zinc-carbon and 300Wh/dm 3 for alkaline manganese 
dioxide (the corresponding Wh/kg data for the four 
types of cell are 420, 100, 80 and 100). 

Yet another manufacturer claims the following 



energy densities at low rates of discharge: 


Small cells 


500 Wh/kg- 1 
1000 Wh/dm -3 


Large cells 


700 Wh/kg -1 
1000 Wh/dm -3 


Theory 


1489 Wh/kg -1 
2000 Wh/dm -3 



Cells operate at temperatures between —55 to 150°C. 

They have a shelf life of up to 10 years due to their 
negligibly low self-discharge rate, e.g. 97% of original 
capacity is retained after five years’ storage. Earlier 
versions of this battery exhibited severe passivation of 
the lithium anode, which severely limited shelf life. 
For example, at discharge current density as low as 
0.6mA/cm 2 , significant initial voltage drop and volt- 
age delay were observed at 25°C after storage periods 
as short as l week at 72°C. The primary cause of the 
voltage drop is the formation of a film, which results in 
excessive anode passivation. This becomes evident on 
closed circuit as a sharp initial voltage drop and a long 
recovery before the voltage stabilizes (that is, voltage 
delay). This is clearly illustrated in Figure 9.6, which 
shows the strong anode polarization and initial cell 
voltage drop followed by a slow recovery to a useful 
cell voltage. Investigations by workers at Honeywell 
have shown that the passivation film on the anode pro- 
duced in the lithium-aluminium chloride electrolyte 
consists of lithium chloride. They have also shown 
that the formation of this film can be prevented by the 
inclusion of 5% sulphur dioxide in the electrolyte. It is 
significant that effective control of lithium passivation 
appears to be critically dependent on the sulphur diox- 
ide concentration. As shown in Figure 9.7, discharge 
performance after storage can be adversely affected at 





Figure 9.6 Honeywell lithium— thionyl chloride cell: polarization 
and voltage delay of a lithium-thionyl chloride cell at 24°C after 3 
weeks’ storage at 24°C; loads 120 mA (30 min) to 45 mA (30 min); 
electrolyte 1.5 m LiAICfi (commercial grade) SOCb (Courtesy of 
Honeywell) 




Figure 9.7 Discharge performance of a Honeywell lithium-thionyl 
chloride cell at 24°C after 4 months' storage at 74°C; loads 120 mA 
(30 min) to 45 mA (30 min); nominal fresh cell discharge time 16 h; 
electrolyte 1.5 m UAICI 4 SOCI 2 5, 10 and 20wt% SO 2 (Courtesy of 
Honeywell) 

greater than 5 weight % level. At these higher sul- 
phur dioxide levels after 2 weeks at 74°C, cells were 
found to be anode limited and showed severe polariza- 
tion under a 120 mA load when they were discharged 
at — 29°C. 

Short circuiting of lithium-thionyl chloride cells 
with the risk of subsequent cell explosions have led 
to a limited use of these cells in particular areas, e.g. 
military and medical applications. 

These cells are available in small prismatic and 
cylindrical cell designs with capacities up to 1 Ah and 
in flat, cylindrical and prismatic designs with capacities 
up to 20 000 Ah. Twenty year reserve cells are also 
available. 

9.4 Lithium -vanadium pentoxide 
primary batteries 

This system utilizes the lithium anode, a car- 
bon-vanadium pentoxide cathode and a double-salt 
metal fluoride electrolyte (lithium hexafluoroarsenate 
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Figure 9.8 Button cell comparison: Honeywell lithium versus other systems (Courtesy of Honeywell) 



dissolved in methyl formate). It has a unique two- 
plateau discharge profile (see Figure 9.8) of approx- 
imately 3.4 V for the first 50% of life and 2.4 V for 
the last 50%. When both plateaux are used it offers an 
energy density (660Wh/dm 3 , 264Wh/kg) intermedi- 
ate between that of the lithium-sulphur dioxide and 
the lithium-thionyl chloride systems. It is a relatively 
low-pressure system and low-rate cells using it need 
not be vented. It is ideal for those applications in which 
safety is of the utmost importance. This battery has 
excellent storage characteristics (Figure 9.9). 

The voltage discharge profile of the lithium-vana- 
dium pentoxide battery is compared with that of 
lithium-thionyl chloride and lithium-sulphur dioxide 
systems in Figure 9.5. Lithium-vanadium pentoxide 
systems operate satisfactorily at temperatures as low as 
— 55°C with efficiencies approaching 50% (Table 9.3). 

Lithium-vanadium pentoxide cells lose about 3% 
capacity per annum when stored at 24°C. Cell per- 
formance decreases at elevated storage temperatures. 
Thus, the cell becomes completely discharged after 
40-70 days’ storage at 71°C. 

Honeywell can supply small lithium-vanadium 
pentoxide cells with capacities up to 100 mAh, 




Percentage of rated capacity 

Figure 9.9 Honeywell lithium-vanadium pentoxide cell: discharge 
performance after 1 and 2 years' active storage at 24°C : current 
density ~ 0.4 mA/cm 2 (Courtesy of Honeywell) 

glass ampoule reserve cells with capacities up to 
500 mAh, cylindrical, button, prismatic and flexible 
cell configurations, and a range of active cells. 

Honeywell have recently developed a high-integrity 
crimp-sealed lithium-vanadium pentoxide button cell. 
This has an open-circuit voltage of 3.42 V and a 
voltage under load of more than 3 V. The G3093 
model has a rated capacity of 300 mA h and the G3094 
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of 100 mAh, both under the rated load. The energy 
density is 180-300Wh/dm 3 and 132Wh/kg. The cells 
are 29.08 mm in diameter, 25-50 mm thick and weigh 
6-8 g. The operational temperature range is —29 to 
+49°C and they have a projected storage capability at 
23°C of more than 20 years. 

Development work carried out by Honeywell has 
shown that although a solution of lithium hexaflu- 
oroarsenate dissolved in methyl formate at a concen- 
tration of 2 mol/1 is one of the most conductive organic 
electrolyte solutions known, at high temperatures it 
decomposes to produce gases including carbon monox- 
ide and dimethyl ether. This instability becomes appar- 
ent in active cells through case swelling caused by a 
rise in internal pressure, which is often accompanied 
by self-discharge due to cell distortion. In reserve cells 
instability becomes evident by premature cell activa- 
tion caused by rupture of the glass electrolyte ampoule. 

As a result of their investigation work, Honeywell 
concluded that electrolyte decomposition at elevated 
operating temperatures in lithium-vanadium pentox- 
ide cells could be considerably reduced if the elec- 
trolyte were made basic. Thus an electrolyte with the 
composition 2 m lithium hexafluoroarsenate (LiAsF 6 ) 
plus 0.4 m lithium borofluoride (LiBF 4 ) is now used in 
these cells. 

9.5 Lithium-manganese dioxide 
primary batteries 

More than 80% of all lithium batteries produced are 
of the lithium-manganese dioxide type. 

This is claimed to be a reliable high-energy 
miniature power source with a long shelf life and 
good low-temperature performance, which is safe, 
leakproof and non-corrosive. The lithium-manganese 
dioxide battery is a 3 V system combining a lithium 
anode and a manganese dioxide cathode in a lithium 
perchlorate electrolyte. The electrolyte is dissolved 
in an organic solvent (a mixture of propylene 
carbonate and dimethoxyethane), and the system is 
completely non-aqueous. The problem of gas evolution 
due to dissociation of water has now been solved 
and lithium- manganese dioxide cells will not bulge 
during storage or under normal operating conditions. 
The system offers a stable voltage, starting at 
approximately 3.3 V, and may be considered fully 
discharged at a cut-off voltage of 2 V. The high voltage 
is supported by the high energy density associated with 
lithium, making the system attractive as a substitute for 
high-energy silver oxide in 3 V and 6 V photographic 
applications. The energy output of the lithium cell is 
up to ten times that of a zinc alkaline cell. 

Lithium -manganese dioxide batteries are suitable 
for loads ranging from a few microamps to a few tens 
of milliamps, with potential for upward extension. The 
cells may be stored for up to 6 years at room tempera- 
ture and still retain 85% of the original capacity. Tem- 
perature excursions to 70°C are permissible, although 



extensive storage beyond 55°C is discouraged. Crimp 
sealed batteries can be operated between —20 and 
70° C, whilst more recently produced laser sealed bat- 
teries can be operated between —40 and 85°C. The 
system will work between 50 and — 20°C, subject to 
derating at low temperature. In some designs, up to 
70% of the rated capacity is delivered at — 20°C. Prop- 
erties include good storage life and the ability to supply 
both pulse loads and very low currents. This combina- 
tion matches the requirements for many applications 
incorporating microprocessors. 

Table 9.8 compares the energy density of Dura- 
cell lithium-manganese dioxide button and cylindrical 
cells with those of conventional mercury-zinc, sil- 
ver-zinc and zinc-alkaline manganese dioxide and 
carbon-zinc cells. 



Table 9.8 Comparison of energy density of lithium-manganese 
dioxide cells with conventional types 



Cell type 


Energy density 
W h/dm 3 W h/kg 


Button cells (low-rate, C/200 rate) 






LiMnOj 


610 


225 


ZnHgO 


425 


92 


ZnAgO 


535 


135 


Cylindrical cells, N size (moderate-rate, 100 mA discharge) 


LiMnCh 


400 


215 


Zinc-alkaline manganese dioxide 


180 


63 


Carbon-zinc 


60 


32 



Lithium-manganese dioxide cells are manufactured 
in a variety of button cell and cylindrical cell forms 
ranging in capacity from 30 to 1400 mA. Larger capac- 
ities are under development by Duracell. Ratings are 
C/200 h rate for low-rate cells, and C/30h rate for 
high-rate and cylindrical cells. In some instances, inter- 
changeability with other battery systems is provided 
by doubling the size of the cell to accommodate the 
3 V output of the lithium-manganese dioxide cell 
compared to the 1.5 V of the conventional primary 
cell. Performance Characteristics are summarized in 
Table 9.9. These cells exhibit no gassing or pres- 
sure development in service and are therefore intrinsi- 
cally safe. 

9.6 Lithium-copper oxide primary 
batteries 

SAFT supply this type of battery. The particular advan- 
tages claimed for lithium -copper oxide batteries are 
long operating life, long shelf life (up to 10 years pro- 
jected) and high operating temperature (tested between 
—20 and +50°C). Volumetric capacity (Ah/dm 3 ) is 
750 compared with 300 for alkaline manganese diox- 
ide, 400 for mercury-zinc and 500 for lithium-sulphur 
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Table 9.9 Characteristics of lithium-manganese dioxide cells 



Open 


Volts 


Discharge 


Gravimetric 


Volumetric 


Gravimetric 


circuit 


under 


voltage 


energy 


energy 


power 


volts 


load 


profile 


density 


density 


density 


(V) 


(V) 




(Wh/kg- 1 ) 


(Wh/dm 3 ) 


(Wkg- 1 ) 


3.0-3. 6 


to 

o 

to 

o 


Relatively 

flat 


150-350 


450-750 


<40 



Volumetric 
power 
density 
(W cm- 3 ) 


Storage 

temperature 

(°C) 


Operation 

temperature 

ro 


Self 

discharge 

rate 


Calendar 

life 


Types 

available 


<80 


-20 to 70 
(crimp seal) 
-40 to 85 
(laser seal) 


-20 to 70 
(crimp seal) 
—40 to 85 
(laser seal) 


1% p/a 
(crimp seal) 
0.5% 
p/a 

(laser seal) 


Up to 6y at 20°C 

(85% capacity 
retained) 


Coin, cylindrical, 
flat, prismatic, 
available 



dioxide. (Corresponding Wh/kg values are 300, 100, 
100 and 300.) The annual self-discharge rate at 20°C 
is 2-3%. Battery packs containing groups of cells 
connected in series/parallel are available for specific 
applications. 

This cell exhibits two voltage plateaux on discharge 
at higher temperatures (70°C). Discharge starts off 
at about 1.6 V reducing to 1.3 V towards the end of 
discharge. The cell can be operated at temperatures 
between —55 and 150°C. Cells which had been stored 
for two years at 21°C gave 93.5% of their original 
capacity. Self-discharge rates are acceptably low. Volt- 
age delay effects do not occur. 

The cells have resilience to electrical and 
mechanical abuse. The use of safety shunt diodes 
across each cell limits voltage reversal to within safety 
limits. 

Cylindrical 1.5 V batteries are available in 3.6 Ah 
(type LC01), 1.6 Ah (type LC02) and 0.5 Ah (type 
LC07). Applications of this type of cell include oil 
well logging equipment, microprocessors, telephone 
systems, public address systems, high-temperature heat 
counters, CMOS memory protection, telex systems, 
high-temperature devices and specialized industrial 
and military applications. Details of performance are 
given in Table 9.10. 

On-load voltage is nominally 1.5 but this depends 
on rate of discharge and temperature. This is a high 
energy density system (300 Wkg -1 , 630Whdm~ 3 ) 
which leads to high capacity cells, e.g., the AA size 
has a capacity of 3.7 Ah. The system is ideally suited 
to low load applications when lives in excess of 10 
years have been obtained. An A A size 3.7 Ah cell 
discharged at 1mA cnr 2 (lithium electrode area) at 
20°C to an end-point voltage of 0.9 V gave a cell 
voltage of about 1.4 V for about 150 hours discharge, 



decreasing gradually to 0.9 V over a further 150 hours, 
i.e., 300 hours discharge to 0.9 V. 

The system has exceptional storage characteristics. 
Cells can be exposed to a wide range of conditions 
in which they are exposed to forced current in both 
the charge and discharge directions without incident. 
Over charge can cause cell ruptures as does exposure 
to temperatures above 180°C. Mechanical abuse does 
not cause fires or explosions. In general, provided the 
guidelines are adhered to, no hazards are presented to 
the user. 

9.7 Lithium-silver chromate primary 
batteries 

SAFT supply a range of these 3.1 V cells with capaci- 
ties in the range 130-3100 mAh (cylindrical cells) and 
2090-2450 mAh (rectangular cells), see Part 6. 

The special features of these cells are high reliabil- 
ity (better than 0.7 x lfF 8 ), indication of end of life 
by a second plateau voltage, a discharge capability 
up to 100,uA, and low internal impedance. Applica- 
tions of lithium-silver chromate cells include cardiac- 
stimulators and other human implantable devices, high 
reliability memoty protection for inertial navigation 
systems, and RAM back-up power sources. 

9.8 Lithium-lead bismuthate primary 
cells 

SAFT supply this type of cell. It has a nominal 
voltage of 1 .5 V, exhibits a high energy density 
(400-500 Wh/dm 3 , 90-150Wh/kg), has long life 
expectancy and is interchangeable with normal IEC 
button cells with a nominal voltage of 1.5 V. The cells 
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Table 9.10 


Characteristics of lithium- 


-copper oxide cells 








Open 

circuit 

volts 

(V) 


Volts 

under 

load 

(V) 


Discharge 

voltage 

profile 


Gravimetric 

energy 

density 

(Wh/kg Ll ) 


Volumetric 

energy 

density 

(Wh/dm -3 ) 


Gravimetric 

power 

density 

(Wkg -1 ) 


2.4 


1.5 


Depends on 
current 


300 


630 


630 max 




Volumetric 
power 
density 
(W cm 3 ) 


Storage 

temperature 

(°C) 


Operation 

temperature 

(°C) 


Self 

discharge 

rate 


Calendar 

life 


Types 

available 


na 


-40 to 55 


-40 to 55 


1% p/a 20° C 


14y 


AA, (AA 
available 



possess a low internal resistance which makes them 
particularly suitable for analogue quartz watches and 
pulsing electronic devices. The characteristics of these 
cells make them interchangeable alternatives in the 
many applications currently using the traditional silver 
oxide and mercury oxide button cells. The annual self- 
discharge rate of lithium- lead bismuthate button cells 
is 2-3%. The operating temperature range is —10 to 
+45°C. The cells have a discharge pulse capability up 
to 500 pA. Applications include, in addition to quartz 
analogues and LCD watches, cameras, calculators and 
scientific instruments and any applications in which 
they replace silver oxide button cells. SAFT supply 
these 1.5V button cells at three capacities: 185 mAh 
(type LP1154), llOmAh (type LP1136) and 50mAh 
(type LP1 121). 

9.9 Lithium-polycarbon monofluoride 
primary batteries 

In order to exploit the value of a lithium-based sys- 
tem to the maximum the positive electrode (cathode) 
material should also be of high energy density. The 
search for the ideal combination of cathode material 
and electrolyte attracted a great deal of effort in the 
1970s. The lithium-polycarbon monofluoride system 
has been commercially developed by the Matsushita 
Electric Industrial Co. in Japan. The cells are avail- 
able in several cylindrical sizes. They have an open 
circuit voltage of 2.8 V. This battery has a fairly level 
discharge voltage profile. The battery is highly reliable 
and has a claimed shelf life of 10 years. The theoretical 
energy density is 2000 W h/kg 1 against a practically 
realized value of 200Wh/kg _1 or 350 Wh/dm -3 . The 
patented cathode material is of the form (CF r )„, where 
x has a value between 0.5 and 1.0, and is formed 
by reacting carbon with fluorine under various con- 
ditions of temperature and pressure, depending on the 



type of carbon used as the starting material. Except 
where batteries are intended for low-rate applications, 
acetylene black or graphite is added to the electrode 
to improve conductivity. The electrolyte is lithium 
tetrafluoroborate dissolved in a-butyrolactone. These 
cells have a spiral wound electrode pack made from 
rectangular foil electrodes. Lithium foil is rolled on 
to an expanded metal mesh current collector as the 
negative electrode and is separated from the simi- 
larly supported cathode by a polypropylene separ- 
ator. The characteristics of this cell are tabulated in 
Table 9.11. 

As an example of a low drain application, a BR 
2/3 AA 3 volt 600 mAh cylindrical cell on approx- 
imately 20 pA drain at temperatures between 0 and 
45°C has a life of approximately 5 years. Pulse dis- 
charge behaviour is good. A 3 volt 255 mAh coin 
cell under 10 £2 load shows a flat voltage characteristic 
of 2.8 V for 10,000 hours duration. Voltage increases 
somewhat on increasing temperature from 20 to 70°C 
with little change in duration. Decrease in cell tem- 
perature from 20°C to — 10°C decreases voltage and 
duration somewhat. 

These batteries have a consistently good safety 
record even under arduous conditions. 

9.10 Lithium solid electrolyte primary 
batteries 

Duracell supply these batteries, which consist basically 
of a 2 V system capable of supplying currents up to 
a few hundred microamps at room temperature. The 
electrolyte is a dry mixture of lithium iodide, activated 
alumina and lithium hydroxide sandwiched between 
the lithium anode and the lead/lead iodide/lead sul- 
phide cathode. The absence of liquid means that the 
solid electrolyte cell is intrinsically leakproof. The 
chemistry is exceptionally stable, and it is possible 




